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FOREWORD 


This  document  is  the  final  report  for  U.S.  Army  Research  Office  contract 
number  DAAG29-85-K-0237.  which  corresponds  to  the  proposal  entitled  Limited 
Reaction  Processing  for  Semiconductor  Device  Fabrication  Limited  Re¬ 
action  Processing  (LRP)  is  a  new  technique  which  has  been  investigated  under  this 
contract.  LRP  uses  radiant  energy  to  precisely  control  thermally  driven  surface 
reactions  for  the  growth  and  deposition  of  semiconductor  layers.  This  technitpic 
grew  out  of  the  closely  related  field  of  Rapid  Thermal  Processing  (RTP)  which 
is  used  for  short  time,  high  temperature  annealing  of  semiconductor  wafers.  Th<' 
goals  of  the  research  j)erforined  under  this  contract  have  lieen  to: 

1.  determine  the  f<'asil)ilify  of  the  LRP 

2.  identify  probU'ins  with  tla-  t<‘chnique  and  ex]>lore  solutions  if  necessary 

3.  demonstrate  dt'vice  tipplicatiotis  of  RTP  and  LRP 

The  emphasis  of  the  research  litis  Ix'i'ii  on  characterizing  the  semiconductor  ma¬ 
terial  grown  by  LRP  using  a  combination  of  jiliysical  techniques  and  test  devices. 
Ultimately,  tlit'se  Itiyers  will  be  tised  to  creati'  new  and  useful  devic(>  structure>. 
We  hav('  demonstrated  thtit  LRP  is  cajitilile  of  iiroducing  silicon-basi'd  ei^itaxial 
layers  with  excellent  intiterial  and  <>lectrical  properties.  Several  diffenuit  minority 
and  majority  carrier  devices  have  been  fabricated  using  LRP  and  m-.ntu  process¬ 
ing.  The  ajiplication  of  LRP  to  comixmnd  semiconductor  growth  (e.g.  Ga.As. 
AlGaAs.  and  IiiGa.Asj  has  demonstrati'd  th<'  cai)ability  to  produce  interfaces  with 
abruptness  coinjiartible  to  that  obtained  by  Molecular  Beam  Ei)itaxy. 

This  report  constitutes  a  brief  summary  of  research  performed  under  the 
above  contract.  It  begins  in  Part  1  with  a  complete  list  of  publications  associated 
with  this  research.  A  short  synopsis  of  16  publications  which  describe  our  findings 
is  followed  by  Part  3.  which  contains  reprints  of  tnese  publications.  The  final 
section  (Part  4)  contains  a  list  of  participating  scientific  personnel. 
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Part  1 


List  of  Publications 


The  following  is  a  list  of  16  publications  which  are  summarized  in  Part  2  of 
this  report.  Reprints  of  these  articles  appear  in  Part  3  in  the  following  order; 

1.  J.F.  Gibbons.  C.M.  Gronet,  and  K.E.  Williams.  “Limited  reaction  pro¬ 
cessing:  Silicon  epitaxy".  Appl.  Pky.o.  Lett.  47.  1  Oct.  1985,  pp. 
721-723. 

2.  C.M.  Gronet.  J.C.  Sturm.  K.E.  Williams.  J.F.  Gibbons,  and  S.D.  Wil¬ 
son.  “Thin,  highly-doped  layers  of  epitaxial  silicon  deposited  by  limited 
reaction  i)roccs.sing''.  Appl.  Phy.f.  Lett.  48.  14  .4pril  19SC.  pp.  1012- 
1014. 

3.  J.C.  Sturm.  C.M.  Gronet.  and  J.F.  Gibbons.  "Limited  reactioii  process¬ 
ing;  In-srtu  metal-oxide-semicond\ictor  (MOS)  ca])acitors".  IEEE  Elec. 

Dev.  Lett.  EDL-7.  May  19SC.  pp.  282-2S3. 

4.  J.C.  Sturm.  C.M.  Gronet.  and  J.F.  Gibbons.  "Minority  carrier  prop¬ 
erties  of  thin  epitaxial  silicon  films  fabricated  by  limited  reaction  pro¬ 
cessing".  ./.  Appl.  Phy.'^.  59.  15  June  19SC.  i)p.  41S0-41S2. 

5.  J.C.  Sttu'in.  C.M.  Gronet.  and  J.F.  Gil)bons.  epitaxial  silicon- 

oxide-doped  j)olysilicon  structures  for  MOS  field-effect  transistors". 

IEEE  Elec.  Dev.  Lett.  EDL-7.  Oct.  1980.  pp.  577-579. 

6.  C.M.  Gronet,  C.A.  King,  and  J.F.  Gibbons.  “Growth  of  GeSi/Si 
strained-layer  superlattices  using  limited  reaction  processing".  Mai. 

Res.  Soc.  Syrup.  Proc.  Vol.  71,  (Materials  Research  Society,  Pitts¬ 
burg.  1980),  pp.  107-112. 

7.  C.M.  Gronet,  C.A.  King,  W.  Opyd,  J.F.  Gibbons,  S.D.  Wilson,  and 
R.  Hull,  “Growth  of  GeSi/Si  strained -layer  superlattices  using  limited 
reaction  processing”,  7.  Appl.  Phys.  61,  15  March  1987,  pp.  2407-2409. 

8.  J.E.  Turner,  J.  Amano.  C.M.  Gronet,  and  J.F.  Gibbons.  “Secondary 
ion  mass  spectrometry  of  hyper-abrupt  dopant  transitii.)ns  fabricated 
by  limited  reaction  processing”,  Appl.  Phys.  Lett.  50,  1  June  1987.  pj). 
1601-1603. 


1 


9.  C.A.  King,  C.M.  Gronet,  and  J.F.  Gibbons.  ‘"Electrical  characterization 
of  in-situ  epitaxially  grown  Si  p-n  junctions  fabricated  using  limited 
reaction  processing”,  submitted  to  IEEE  Elec.  Dev.  Lett.,  Jan..  1988. 

10.  M.D.  Giles.  J.L.  Hoyt,  and  J.F.  Gibbons.  “The  depth  resolution  of 
dynamic  SIMS;  Experiments  and  calculations" ,  Mot.  Res.  Soc.  Symp. 
Ptoc.  Vol.  69.  (Materials  Research  Society,  Pittsburg.  1986),  pp.  323- 
328. 

11.  J.L.  Hoyt.  E.F.  Crabbe.  J.F.  Gibbons,  and  R.F.W.  Pease,  “Epitaxial 
alignment  of  arsenic  implcmted  polysilicon  emitters”.  Mat.  Res.  Soc. 
Symp.  Proc.  Vol.  92.  (Materials  Research  Society.  Pittsburg.  1987). 
pp.  47-52. 

12.  E.  Crabbe.  J.L.  Hoyt.  M.M.  Moslehi.  R.F.W.  Pea.se.  and  J.F.  Gibbons. 
"Xovel  emitter  contacts  for  VLSI  bipolar  transistors",  in  Technical  Di¬ 
gest:  19S7  International  Symposium  on  VLSI  Technology.  Systems  and 
Applications.  Taipei.  Taiwan.  May  13-15.  1987. 

13.  S.  Reynolds.  D.W.  \’ook.  and  J.F.  Gibbous.  "Limited  reaction  process¬ 
ing;  Growth  of  III-\’  epitaxial  layers  by  rapid  thermal  metalogranic 
chemical  vapor  (h'position”.  Appl.  Phys.  Lett.  49.  22  Dec.  19SG.  pp. 
1720-1722. 

14.  D.W  .  \’ook.  S.  R<'yiiolds.  and  J.F.  Gibbons. "Growth  of  Ga.As  by 
metalorgaiiic  cliemicai  va])or  deposition  using  thermaily  decomixtsed 
triiuethylarsenic".  Appl.  Plni.-i.  Lett.  50.  11  May  19S7.  ]>]>.  138G-13S7. 

15.  S.  Reynolds.  D.W.  \()ok.  and  J.F.  GibI)<)ns."Limit<'(l  reaction  ])iocess- 
ing;  Growth  of  III-\’  e[)itaxial  lay<TS  In-  rapid  thermal  inetaloi ganic 
chemical  ^•aI)or  dei)f)sition" .  Mat.  Ri.'i.  Soc.  Symp.  Pnx .  Vui  92. 
(Materials  Research  Soci<'ty.  Pittsl)iirg.  1987).  ])]>.  305  310. 

IG.  J.F.  Gibbons.  S.  Reynolds.  C.  Gronet.  D.  \ook.  C.  King.  W  .  ()])yd.  S. 
Wilson.  C.  Xatika.  G.  Reid,  and  R.  Hull.  "Limited  reaction  ])roeessing: 
Silicon  and  III-V  Materials".  Mat.  Res.  Soc.  Symp.  Proc.  Vol.  92. 
(Materials  Research  Society.  Pittsburg,  1987).  pp.  281-294. 

The  following  are  publications  not  included  in  Part  3  of  this  reixnt.  The 
are  included  here  in  order  to  complete  the  list  of  publications: 

17.  C.M.  Gronet,  J.C.  Sturm,  K.E.  W'illiams,  and  J.F.  Gibbous.  “Limited 
Reaction  Processing  of  Silicon:  Oxidation  and  Epitaxy",  in  Mat.  Res. 

Soc.  Symp.  Proc.  Vol.  52,  (Materials  Research  Society.  Pittsburg. 
1986).  pp.  305-310. 

IS.  J.F.  Gibbons,  C.M.  Gronet,  J.C.  Sturm,  C.  King.  K.  Williams.  S.  Wil¬ 
son,  S.  Reynolds.  D.  Vook,  M.  Scott,  R.Hull,  C.  Nauka,  J.  Turner.  S. 
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Ladermaii,  and  G.  Reid, “Limited  Reaction  Processing",  invited  paper 
in  Mat.  Res.  Sac.  Symp.  Proc.  Vol.  74.  (Materials  Research  Society. 
Pittsburg,  1987),  pp.  629-639. 

19.  J.L.  Hoyt.  E.  Crabbe.  J.F.  Gibbons,  and  R.F.W.  Pease.  "Epitaxial 
alignment  of  arsenic  implanted  poly  crystalline  silicon  films  on  (100) 
silicon  obtained  by  rapid  thermal  annealing”,  Appl.  Phys.  Lett  50,  23 
March  1987,  pp.  751-753. 

20.  J.L.  Hoyt,  E.F.  Crabbe,  R.F.W.  Pease,  and  J.F.  Gibbons  “Charac¬ 
terization  of  arsenic  implanted  epit^lxially  aligned  polysilicon-on-silicon 
films".  Mat.  Res.  Soc.  Symp.  Proc.  Vol.  106,  (Materials  Research 
Society.  Pittsburg.  1988).  in  press. 

21.  E.F.  Crabbe.  J.L.  Hoyt.  R.F.W.  Pease,  and  J.F.  Gibbons  “Electrical 
characterization  of  polysilicon- to-silicon  interfaces  .  Mai.  Re.<.  Soc. 
Symp.  Proc.  Vol.  106.  (Materials  Research  Society.  Pittsburg.  1988). 
in  press. 

22.  J.L.  Hoyt.  E.F.  Crabbe.  R.F.W.  Pease,  and  J.F.  Gibbons.  "Etching 
technique  for  characterization  of  epitaxial  alginment  of  arsenic  im¬ 
planted  polvcrystalliiH'  silicon  films  on  (100)  silicon.  .7.  Ele.ctrochem . 
Soc...  in  press. 

23.  J.L.  Hoyt.  E.F.  Crabbe.  R.F.W.  Pease,  and  J.F.  GiId)ons.  "Lateral  uni¬ 
formity  of  iC/p  junctions  formed  by  arsenic  diffusion  from  ej)itaixalh 
aligned  polycrystalliiie  silicon  on  silicon."  J.  Electrorhe.m.  Soc..  in  i)ress. 
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Part  2 


Summary  of  the  Research 


Work  performed  at  Stanford  under  this  contract  has  shown  that  a  new  class 
of  semiconductor  processing  equipment  is  feasil)le.  We  have  designed  and  fabri¬ 
cated  test  eqniiJinent  which  uses  a  combination  of  Ra])id  Thermal  and  Chemical 
\  apor  Dejiosition  (C\  D)  technologies  to  achieve  <'pitaxi<d  growth  and  de])osition 
of  semiconductors  and  insiilators.  The  treiul  towards  singk'- wafer  ])rocessing  makes 
Limit('d  Reaction  Processing  iLRP)  ])articul!irly  ndevant  to  state  of  the  art  device 
fabrication  research.  A  single  LRP  cycle  genertdly  has  the  following  format: 

1.  While  the  wafer  is  cool,  a  desired  reactive  gas  flow  is  estaldislied  o\-er 
the  snbstrtite. 

2.  I'sing  ii  high-intensity  riiditint  source,  the  sul)strate  is  rapidly  hetited 
and  a  ch<'ini<'al  retii'tion  between  th<’  sulistrtite  snrhice  and  rt'tictive  gas 
is  inducecl. 

3.  The  reactiiHi  is  allowe(l  to  i)roc<'ed  at  tenqx'rtitnre  foi  the  desired  time. 

4.  The  rcriction  is  sto])p('d  by  turning  off  the  lan]])s  and  rai)idly  cooling 
the  snbstrtite. 

In  this  irrocc'ss.  the  substrate  temperature,  rtitln'i  than  the  flux  of  reactive 
gas.  is  used  as  a  "switch  "  to  turn  on  and  off  the  C'\'D  reaction.  This  tla'iniid 
switching  techni<iue  has  thrc>e  significant  advantages: 

•  .Af)rupt  comirosition  profiles:  since  the  substrate  is  hot  only  (hiring 
layer  growth.  LRP  inherently  minimizes  the  thermal  exposure  of  a  sub¬ 
strate.  similar  to  RTP.  This  allows  the  growth  of  layers  at  fairly  high 
temperatures  while  maintaining  abrupt  composition  irrofiles. 

•  Growth  of  ultra-thin  layers:  the  accuracy  and  reproduciliility  of  the 
substrate  temperature  versus  time  profile-  afforded  by  lanq)  heating  luo- 
duces  controlled  growth  of  thin  layers  of  semiconductors  and  insulators. 


•  In-situ  multilayer  processing;  by  changing  the  amlrient  gas  between 
high  temperature  cycles,  multiple  layers  of  different  composition  can  be 
grown  sequentially  without  removing  the  substrate  from  the  process¬ 
ing  chamber.  This  feature  is  important  for  minimizing  chemical  and 
particulate  contamination. 

2.1  Silicon-based  research 

The  following  sections  summarize  our  research  findings  for  silicon-based  ma¬ 
terials  as  described  in  Papers  1  through  10  of  Part  3  (see  also  Paper  ^  16  for  an 
overall  LRP  summary). 

2.1.1  Column  IV  epitaxy 

Th<'  first  two  j);q)ers  in  Ptirt  3  of  this  rej^ort  describe  the  initial  imph men¬ 
tation  of  r;ii)id  thonuid  switching  appli<’d  to  silicon  epitaxy.  A  rudimentary  LRP 
reactor  w.ts  constructed  by  coiul)ining  ;i  home-built  Rapid  Thermal  Processor  with 
a  gas  deli\-t'ry  ;uid  exliau-'t  system  which  iindudes  gases  such  ;is  SiH.).  SiH-^Clj. 
Hj.  Oj.  HC'l.  iind  Ai.  This  ■-y^teni  U'e-  two  btinks  of  tungsten  filament  lamps 
and  ;t  micropi()ce--s(ii'  l•outlol  'V't.’n,  to  rtipidiy  Inxit  2  inch  silicon  waft-rs.  Sec- 
ontl  .and  third  genet  at  ion  sysf<'m'  were  hater  constructt'd  for  3  inch  iiitfl  4  inch 
wafer  ])rocessing.  ti'  iuilicate<l  below.  The  ettrliest  results,  described  in  Ptiper  ^  1. 
re\'ealed  th;tt  LRP  produced  abrupt  titui'itions  in  doping  conctmt  rat  ion  tit  the  ej))- 
tiixial  hiyer/stibsf r.ate  infeiface  foi  undo])ed  films  on  heavily  doj>ed  (n"^  and  p'^ ') 
sultstrates.  In  Paper  ^  2.  the  te<-hui<pie  is  extendtal  t<t  multilayer  structures  con¬ 
sisting  of  tilternating  undojted  and  he;i\'ily  boroti-dojxal  regions  (i.e.  i/p'*^/i/p'*^ 

structures).  \;ui  der  Ptuiw  luetisurements  indic:it(>  thttt  the  hole  mobilities  of  the 
p'*’  epitaxial  films  are  c()m])aral:ile  to  Itttlk  material.  In  addition.  LRP  jtroduces  a 
wider  dynamic  range  in  yetype  dojting  than  can  be  obtained  by  MBE. 

Paj)ers  3-5  descrilte  more  detailed  electrical  characterization  of  LRP  grown 
layers.  Metal-oxide-scmiconchictor  (MOS)  capacitors  fabricated  by  growing  a  thin 
gate  oxide  followed  by  jtolysilicon  gate  dejjosition  in-situ  are  discussed  in  Paper  ^  3. 
These  cajtacitors  exhibit  excellent  characteristics,  with  interfacial  fixed  charge  and 
mobile  ion  contamintitions  of  less  than  10'*’  ciu“^.  More  stringent  tests  of  the 
epitaxial  layer  quality  ar('  descrilx’d  in  Pajter  ^  4.  Generation  lifetimes  from 
1  to  100  //s('c  were  measured,  and  planar  diodes  (ion  implanted)  fal)riccited  in 


botli  n-  and  7>typ(“  epitaxial  films  show  excellent  behavior.  In  Pajfci  ^  5.  we 
demonstrate  the  formation  of  in-.ntu  MOSFET  structures,  using  selective  ejjitaxial 
growth  combined  with  oxidation  and  polysilicon  gate  dejjosition. 

Papers  G  and  7  describe  the  growth  of  GeSi/Si  strained-layer  superlattices. 
Layers  as  thin  as  150  A  were  reproducibly  achieved,  establishing  for  the  first  time 
the  use  of  a  C\'D  technique  to  fabricate  abrupt  GeSi/Si-based  heterostructures.  In 
Paper  #  8.  high  resolution  Secondary  Ion  Mass  Spectrometry  (SIMS)  analysis  f)f 
LRP  layers  performed  in  collaboration  with  HP  laboratories  is  described.  Using  a 
special  technique,  boron  doping  transition  widths  as  abrupt  as  50  A/decade  were 
measured. 

Pajx’r  ^  9  contains  tlu'  most  recent  results  on  electrical  charact('rization  of 
e])itaxially  grown  i>-n  junctifnis  fabricated  using  the  third  generation  LRP 
system.  These'  ('xperinieuts  ju'ovifh'  tlu'  most  stringent  tests  of  material  (juality  to 
date,  since  the  ■■interru])ted  growth"  interface  is  contained  ivitJnn  the  diode  space 
charge  re'gion.  Forward  cnrri'nt  ideality  factors  of  1.01  ±  0..3  'X  were  ol)taine<! 
ov('r  at  least  7  order>  of  nnignittide.  ('Xte'iiding  down  to  1  i).4.  \'('ry  low  re\-('r'i' 
current  d('nsiti('>  (.3.5  n.-\-  cm”"  ;it  -5  \')  wer<’  obse-rve-d.  The  restdts  described  in 
thi"  jiiiper  indic.'ife  thttt  LRP  in.ateritil  is  suittible  foi  high  jx'rformance  minority 
e’iivrier  de\'i<'e>. 

In  Ptqier  -  10.  we  descrilee  tin'  tijtplicttt ii >n  of  LRP  to  sttidii's  of  the  depth 
resolution  of  SIMS.  .\n;ily>is  of  LRP-grown  Ittye'rs  j)hices  some'  of  the  most  stringent 
retpiireinents  on  the  SIMS  technitjue,  bectiuse  it  demands  hoih  dej)th  resolution  and 
dynamic  rtmge.  Experiinenttd  results  on  atomically  abrupt  im])urity  j>rofile>  in  Si 
tire  explained  by  ti  theoretictil  model.  The  Boltzmtinn  Transport  Etpnition  method 
for  calcuhiting  recoil  effects  during  ion  imphintation  w;is  modified  to  trc'at  the  SIMS 
])robleni.  and  good  agret'inent  with  <'xj)erimenttd  obst'rvations  was  obtained, 

2,1.2  Rapid  thermal  processing 

Pajrers  11  and  12  describe  a  c()ml)ination  of  LRP  and  Rapid  Thermal  AniK'til 
ing  apjtlied  to  jxtlysilicon  ('initter  contacts  for  \’LSI  bipolar  transistor  fabrication. 
Pajter  11  discusses  research  on  epitaxial  regrowth  of  j^olysilicon  films.  This  work 
titilizes  a  standard  LPC\'D  jxdy.silicon  reactor  for  the  material  de})osition  and  RT.A 
to  ])rovide  the  dt'sirt'd  materitds  (juality.  creating  a  bridge  between  currently  ('x 
isting  silicon  jtrocess  technology  and  LRP.  Bijiolar  tr;uisistors  with  0.5  //in-thick 


emitter  eimtacts  and  ])olysilie()n  dopings  of  5  and  10  x  10^^  cm”'^  show  less  pro¬ 
cess  sensitivity  when  subject  to  RTA  (T  >  1100  °C)  compared  to  devices  annealed 
in  a  furnace  in  the  900  to  lUoO  °C  range,  while  retaining  advantages  over  metal 
contacts. 

In  Paper  ^  12.  we  describe  how  RTA  and  LRP  are  used  to  taylor  the  structure 
of  the  polysilicon-to-silicon  interface  to  the  device  application  of  interest.  For  high 
speed  devices  where  emitter  resistance  is  the  primary  concern.  RTA  is  used  to 
break-up  the  polysilicoii/silicon  interfacial  oxide  and  enhance  dopant  activation  in 
the  polysilicon.  On  the  other  hand,  when  minority  carrier  transport  through  the 
interface  must  be  minimized.  LRP  in  an  ammonia  ambient  can  Ije  used  to  grow 
a  thin  (15  A),  thermally  stalile  silicon  nitride  interfacial  layer  which  results  in 
extremely  low  base  currents. 

2.2  Epitaxy  of  compound  semiconductors 

Paper  ^  l.r  describ.--  the  a))i>lication  of  Limited  Reaction  Processing  to  the 
ei>itaxial  tti'owth  of  Ga.A^.  .A  se])arate  LRP  systcnn  was  designed  and  fal)ricat(’d  for 
this  ])urpose.  The  techni<ine  produci-s  layers  with  specular.  d('fect-free  surfaca's  and 
good  efa'trical  cliaracti'i'i^tio.  Growth  of  la'lated  comi)ounds  such  as  .^IGa.^s  and 
InGa.As  i>  al>o  reported.  ExtreiiK'ly  .abrupt  transitions  Ix'twca'ii  .nljacent  ('pittixi.d 
hiyei',-.  are  oli-eiua'd.  <ainip;u';ible  to  MUE  giown  in;it('ri<al. 

Ptitx'r  ^  14  di'''crilie>  ;i  n<'W  precrticking  nu'thod  for  reducing  tin'  l);ick- 
gia)und  doping  tind  incre.asiinr  the  ekauron  mobility  of  <']ut;ixi;ti  Ga.'Vs  itiyers.  Tlii'- 
metho(i  inis  resiiiteil  in  tiie  iiiciie^i  purity  G.a.As  (>v<'r  grown  using  ti  triinetliv 
liirsenic  souiaa’  in  :i  C\  D  reactoi.  P.aper  |rl5  discussc's  more  cietail(al  in;it('ri;iis 
stiuiies  perfoniKai  on  LRP-grown  G;i.\s.  sj)ecific;dl}'  tlie  cjuaiity  anti  alniiptness  of 
t he  hetero-interfaces. 

.An  overall  suininary  of  some  of  the  most  recent  silicon  and  results  on 

LRP  epitaxi.il  layers  is  contained  in  th<'  final  jjajx'r.  IG.  Special  attention  is 
given  to  the  characterizittion  of  the  interru])t<>d  growth  interfaces. 
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We  introduce  a  new  technique,  limited  reaction  processing,  in  which  radiant  heating  is  used  to 
provide  rapid,  precise  changes  in  the  temperature  of  a  substrate  to  control  surface  reactions.  This 
process  was  used  to  fabricate  thin  layers  of  high  quality  epitaxial  silicon.  Abrupt  transitions  in 
doping  concentration  at  the  epitaxial  layer/substrate  interface  were  achieved  for  undoped  films 
deposited  on  heavily  doped  substrates. 


The  fabrication  of  thin,  high  quality  layers  of  semicon¬ 
ductor  and  insulator  films  is  critical  to  the  future  of  semicon¬ 
ductor  processing.  It  is  also  of  potentially  great  importance 
to  fabricate  several  films  sequentially  without  removing  the 
substrate  from  the  processing  chamber.  This  letter  describes 
a  technique  for  achieving  these  objectives  and  reports  the 
application  of  the  method  for  the  formation  of  thin  epitaxial 
layers  of  silicon  with  abrupt  transitions  in  doping  concentra¬ 
tion. 

The  reaction  chamber  used  for  the  process  is  shown 
schematically  in  Fig.  1.  Gas  flow  rates  in  the  reaction 
chamber  were  controlled  by  flow  meters,  and  the  pressure 
was  measured  by  a  capacitance  manometer  at  the  chamber 
exit.  The  pressure  gauge  was  used  in  a  closed  loop  system 
with  an  automatic  throttle  valve  upstream  of  the  pump  to 
ensure  constant  pressure. 

The  substrate  was  rapidly  heated  by  two  banks  of  six  air¬ 
cooled  1.2-kW  tungsten  lamps  backed  by  water-cooled  re¬ 
flectors.  These  lamps  irradiate  both  sides  of  a  2-in.-diam  sili¬ 
con  substrate  mounted  on  three  quartz  pins.  For 
temperature  calibration,  a  W/26%  Re  vs  W/5%  Re  ther¬ 
mocouple  was  welded  to  the  edge  of  a  wafer.  In  addition, 
melting  point  standards  were  used  (Omegalaq).  Calibrations 


were  performed  periodically  and  were  very  reproducible 
(run  to  run  variation  <  20  *C).  Temperature  uniformity  was 
established  by  growing  a  thin  thermal  oxide  (10-60  nm)  and 
measuring  thickness  uniformity  using  spatial  ellipsometry. 
The  variation  in  oxide  thickness  over  a  2.5  X  2.5  cm  square 
centered  on  the  2-in.  wafer  was  less  than  3%. 

To  operate  what  we  refer  to  as  a  limited  reaction  pro¬ 
cessing  (LRP)  cycle,  the  reactant  gases  are  permitted  to  flow 
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FIG  I.  Schematic  representation  of  limited  reaction  processing  apparatus. 
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TABLE  I.  Epilaual  dqiaucion  pwamcten  for  limited  reaction  processing  samples. 
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Temperature 

Pressure 

Mole  % 

Diluent 

Deposition 

Thickness 

Sample 

f'Ci 

1 1  Oi’i'i 

S:H»C!v 

fim^  isl 

1  /ifni 

LRP  59 

980 

1.0 

11.5 

O.SiH.l 

60 

0  .16 

LRP  61 

920 

19.5 

077 

3.0(H,I 

15 

0  15 

10.9lHel 

LRP  62 

980 

10 

214 

0.51H.I 

180 

2  1 

LRP  64 

940 

5.0 

3.9 

3.0(H,1 

70 

10 

through  the  deposition  chamber  to  establish  equilibrium 
flow  patterns  and  rates.  The  lamps  are  then  activated  by  a 
microprocessor  to  heat  the  substrate  to  produce  a  desired 
temperature  versus  time  profile.  Typical  heat  up  and  cool 
down  rates  are  1-S  ms/'C,  similar  to  rapid  thermal  anneal¬ 
ing.'  These  rates  are  sensitive  to  the  thickness  of  the  wafer 
and  the  optical  coupling  between  the  radiant  source  and  the 
substrate.^  However,  with  proper  design,  precise,  reproduc¬ 
ible  control  of  the  substrate  temperature  can  be  obtained, 
even  for  cycles  as  shon  as  a  few  seconds.  During  a  LRP 
cycle,  such  tight  temperature  control  translates  to  precise 
^  control  over  a  thermally  driven  surface  reaction,  such  as 

chemical  vapor  deposition.  Moreover,  by  changing  the  gas 
flows  between  high-temperature  cycles,  multiple  layers  of 
different  compositions  can  be  grown  without  removing  the 
sample  from  the  deposition  chamber.  We  have  applied  this 
technique  to  the  in  situ  growth  of  multiple  layers  of  SiO,  and 
polysilicon,  and  are  currently  investigating  other  multilayer 
structures  which  we  will  report  at  a  later  date.  Results  on  the 
growth  of  single  layers  of  thin  dielectric  films  using  rapid 
thermal  processing  have  been  reported,  e  g.,  nitrides'  and 
oxides.* 

As  device  geometries  shrink,  many  integrated  circuit 
technologies  will  require  very  thin  (0.2-1. 5  /urn}  lightly 
doped  silicon  layers  on  top  of  heavily  doped  substrates. 
Thus,  we  attempted  to  grow  undoped  layers  of  epitaxial  sili¬ 
con  on  heavily  doped  (100)  and  (111)  silicon  wafers  (less  than 
0.02  n  cm).  All  substrates  were  given  an  RCA  clean,  and  in 
some  cases  100  nm  of  thermal  oxide  was  grown  and  pat¬ 
terned  to  cap  the  back  and  edges  of  the  wafer  to  minimize 
autodoping  from  these  surfaces.’  Prior  to  deposition  in  situ 
rapid  thermal  precleaning  was  performed.  The  wafers  were 
heated  in  H]  to  1 120*C  for  10-30  s  and  then  etched  in  1% 
HCl  in  H2  for  10-30  s.  The  effectiveness  of  shorter  cleaning 
steps  is  being  investigated  to  reduce  both  dopant  evaporation 
from  the  substrate  and  dopant  redistribution  in  the  substrate 
or  underlying  layers.  However,  preliminary  results  indicate 
that  an  HCl  etch  of  at  least  20  s  is  required  to  remove  carbon 
and  oxygen  from  the  substrate  surface. 

The  epiuxial  deposition  parameters  are  summarized  for 
four  typical  wafers  in  Table  I.  Undoped  silicon  was  deposit¬ 
ed  using  a  SiHjGj  source.^  The  reaction  chamber  was 
purged  with  several  pump-down/backfill  cycles,  and  then 
gas  flows  were  allowed  to  stabilize  for  a  few  minutes  prior  to 
temperature  cycling.  Pressures  were  minimized  to  reduce 
vertical  autodoping,^  improve  thickness  uniformity,  and  al¬ 
low  single  crystal  deposition  at  lower  substrate  tempera¬ 


tures.*’  Compared  to  standard  epitaxial  processing,  deposi¬ 
tion  times  can  be  extremely  short  using  LRP.  Thus, 
out-diffusion  from  the  substrate  can  be  minimized,  allowing 
an  abrupt  transition  in  the  doping  concentration  at  the  epi¬ 
taxial  layer/substrate  interface.  Typical  secondary  ion  mass 
spectroscopy  (SIMS,  Charles  Evans  and  Associates)  profiles 
for  samples  LRP  59  and  LRP  64  are  shown  in  Fig.  2.  As 
shown  in  Table  11  for  LRP  59,  the  Sb  concentration  changes 
two  orders  of  magnitude  ( 10''’-10'"  cm  " ')  over  a  distance  of 
less  than  30  nm.  For  comparison,  a  boron-doped  silicon  epi¬ 
taxial  layer  deposited  by  molecular  beam  epitaxy  (MBEl  at 
room  temperature  was  analyzed  directly  after  LRP  59  using 
identical  SIMS  conditions.  This  procedure  allowed  us  to 
compare  the  SIMS  data  for  LRP  59  with  the  SIMS  data 
produced  by  a  sample  with  a  doping  profile  which  is  presu¬ 
mably  a  step  function.  The  MBE  sample  exhibited  a  change 
in  boron  concentration  from  5  X  10”  to  5  X  10”  cm  ~ '  over  a 
distance  of  less  than  20  nm.  This  indicates  that  there  may  be 
some  very  small  Sb  out-diffusion,  or  possibly  that  the  SIMS 
depth  resolution  is  better  for  B  than  for  Sb.  To  resolve  this  we 
are  currently  performing  SIMS  analysis  of  undoped  MBE 
silicon  deposited  on  heavily  doped  Sb  substrates. 

Table  II  lists  details  of  the  transition  regions  for  other 


FIG.  2.  SIMS  profiles  for  samples  LRP  59  and  LRP  64  lundoped  silicon 
epitaxial  films  grown  on  Sb-doped  substrates).  The  horizontal  lines  at 
the  bottom  of  each  profile  indicate  sensitivity  limits.  The  spuiienng  rate  was 
decreased  for  LRP  59  in  order  to  obtain  more  data  points  in  ihe  transition 
region  (SIMS  was  performed  by  Charles  Evans  and  Associates  ) 
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TABLE  II.  Secondary  ion  mass  spectroscopy  of  the  dopant  transition  region  and  substrate  parameters  for  LRP  undoped  silicon  epitaaial  films  grown  on 
heavily  doped  n-type  substrates. 


Sample 

Orientation 

Substrate 

Dopant 

Dopant 
range  {cm  "  ’ 

Transition  region 

Thickness  Inml 
)  (SIMS) 

LRP  59 

(111) 

Sb 

10''-10'* 

28 

LRP  61 

(100) 

As 

lO'^-lO'* 

44 

LRP  62 

(100) 

As 

lO^-IO'’ 

63 

LRP  64 

(100) 

Sb 

10'’-10'’ 

29 

10"-10" 

58 

samples.  The  transition  region  for  the  SIMS  profiles  for  the 
As  sample  is  not  as  steep  as  the  Sb  samples  because  As  has  a 
greater  tendency  for  autodoping.  However,  the  As  sub¬ 
strates  are  doped  to  a  concentration  ten  times  higher  than 
the  Sb  substrates,  so  some  concentration-enhanced  diffusion 
may  have  occurred.  Even  sharper  transition  regions  could  be 
obtained  with  shorter  deposition  times,  but  a  lower  limit  is 
set  by  a  consideration  of  the  growth  rate  and  the  desired  film 
thickness.  In  summary,  these  results  indicate  that  LRP  can 
produce  ultrathin  silicon  epitaxial  films  with  abrupt  changes 
in  doping  concentration. 

The  LRP  epitaxial  films  were  specular  and  indistin¬ 
guishable  from  polished  substrates  when  viewed  under  a  No- 
marski  contrast  microscope.  Films  were  deposited  between 
0.1  and  3.0  //m  thick.  The  crystalline  quality  was  studied 
using  Rutherford  backscattering  channeling  spectra  (Fig.  3). 


ENERGY (M»V| 

FIG  3.  Rutherford  backscattering  random  and  channeling  spectra  for  sam¬ 
ple  LRP  39.  The  minimum  yield  is  2.7%. 
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The  minimum  yields  for  all  samples  were  between  2.7%  and 
3.0%,  indicating  excellent  crystalline  quality. Further  in¬ 
vestigations  using  cross-section  transmission  electron  mi¬ 
croscopy  are  in  progress. 

In  conclusion,  the  deposition  of  thin  silicon  epitaxial 
films  with  abrupt  transitions  in  doping  concentration  has 
been  demonstrated  using  limited  reaction  processing.  We 
are  now  investigating  the  use  of  this  technique  for  depositing 
multiple  layers  of  a  number  of  doped  and  undoped  semicon¬ 
ductors  and  insulators  with  sharp  transition  regions.  In  ad¬ 
dition,  limited  reaction  processing  can  be  used  to  explore  the 
initial  growth  regimes  of  almost  any  chemical  vapor  deposi¬ 
tion  process. 

The  authors  wish  to  thank  J.  Hoyt,  J.  Strum,  W.  Opyd, 
M.  Gutierrez,  and  Lockheed  Corporation  for  their  contribu¬ 
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Thin,  highly  doped  layers  of  epitaxla!  sIHccn  deposlied  by  limited  reaction 
processing 

C.  M.  Gronet,  J.  C.  Sturm,  K.  E.  Williams,  and  J.  F.  Gibbons 
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Limited  reaction  processing  was  used  to  deposit  ultrathin,  highly  doped  layers  of  epitaxial  silicon. 

Multilayer  structures  consisting  of  alternating  undoped  and  heavily  boron-doped  regions  were 
fabricated  in  situ.  The  interlayer  doping  profiles  of  these  structures,  as  determined  by  secondary 
ion  mass  spectroscopy,  are  abrupt.  Van  der  Pauw  measurements  indicate  that  the  electrical 
characteristics  of  thep*^  epitaxial  films  are  comparable  to  bulk  material. 


The  control  of  doping  levels  and  depth  profiles  in  semi¬ 
conductors  is  critical  for  device  fabrication.  Currently,  diffu¬ 
sion  and  ion  implantation  are  two  commonly  used  methods 
for  introducing  dopants  into  semiconductors.  Very  large 
scale  integration  (VLSI)  devices,  however,  will  require 
abrupt  doping  transitions  and  ultrathin,  highly  doped  layers 
which  may  be  beyond  the  capabilities  of  these  techniques. 
Ultimately,  a  technology  with  the  interface  control  of  molec¬ 
ular  beam  epitaxy  ( MBE)  and  the  doping  range  of  chemical 
vapor  deposition  (CVD)  will  be  needed. 

In  an  earlier  letter,'  we  introduced  a  technique  called 
limited  reaction  processing  (LRP)  which  has  potential  for 
both  of  these  capabilities.  LRP  can  be  used  to  fabricate  thin 
layers  of  semiconductors  and  insulators  by  precise  control  of 
thermally  driven  surface  reactions.  Radiant  heat  is  used  to 
produce  large,  yet  rapid  changes  in  the  temperature  of  a  se¬ 
miconductor  substrate.  The  substrate  temperature,  rather 
than  the  flux  of  a  reactive  gas,  is  used  as  a  “switch”  to  turn  a 
CVD  reaction  on  and  off.  The  substrate  is  hot  only  while  a 
deposition  or  surface  reaction  is  occurring,  not  during  purg¬ 
ing,  gas  flow  stabilization,  and  other  process  modes.  Thus, 
inherently,  the  thermal  exposure  of  the  substrate  is  mini¬ 
mized,  reducing  the  broadening  of  interfaces  by  diffusion 
and  intermixing.  The  advantages  of  a  high-temperature  pro¬ 
cess,  such  as  good  material  quality  and  high  dopant  activa¬ 
tion,  can  be  .ealized  while  maintaining  interface  control. 
Moreover,  by  changing  the  ambient  gases  between  high-tem- 
perature  cycles,  multiple  thin  layers  of  different  composition 
can  be  grown  sequentially  without  removing  the  substrate 
from  the  processing  chamber.  The  LRP  system  and  its  appli¬ 
cation  to  the  deposition  of  single  layers  of  undoped  epitaxial 
silicon  have  been  described  previously.'  In  this  letter  we 
demonstrate  the  ability  of  LRP  to  fabricate  single  crystal 
silicon  structures  consisting  of  ultrathin,  highly  doped  re¬ 
gions  with  precise  thickness  control  and  abrupt  doping  pro¬ 
files. 

Heavily  doped  ( 100)  and  (111)  2-in.-diam  silicon  wa¬ 
fers  were  used  as  substrates  for  multilayer  structures.  For 
electrical  characterization,  p  *  layers  were  deposited  on  n- 
type  ( 1(»)  wafers  with  a  resistivity  of  3-10  fl  cm. 

To  calibrate  the  wafer  temperature  for  a  given  lamp 
power  versus  time  program  and  sample  ambient,  a  W/26% 
Re  vs  W/5%  Re  thermocouple  was  electron  beam  welded  to 
the  center  of  a  test  wafer.  Epitaxial  depositions  were  then 


carried  out  on  wafers  without  thermocouples.  The  radiant 
source  consists  of  two  banks  of  six  tungsten  lamps  which  are 
controlled  by  a  microprocessor.  These  lamps  can  heat  a  wa¬ 
fer  from  25  to  12(X)  *C  in  less  than  3  s. 

Multilayer  structures  consisting  of  alternating  undoped 
and  p  *  regions  were  fabricated  to  study  layer  thickness 
control  and  the  abruptness  of  doping  profiles.  Samples  were 
chemically  cleaned  and  loaded  into  the  LRP  chamber.  Mul¬ 
tiple  layers  were  then  deposited  sequentially  in  situ  by  chang¬ 
ing  the  gas  composition  between  high-temperature  cycles.  A 
typical  processing  procedure  is  shown  below.  Sole  that  the 
ternperature  transients  for  heating  and  cooling  the  wafer  are 
on  the  order  of  three  seconds,  and  that  the  wafer  is  cooled  after 


DEPTH  (angilroms) 

FIG.  I .  SIMS  profile  of  multiliyer  sample  LRP  109.  The  incident  beam  was 
osygen  at  10  kV  with  a  substrate  bias  of  -  S  k  V  ( Charles  Evans  and  Asao- 
ciaies).  The  first  p  *  pulse  deposited  shows  a  slight  amount  of  diffusion 
caused  by  the  thermal  cycles  of  subsequent  layers. 
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FIG  2  Companson  of  the  SIMS  (Charles  Evans  and 
Associates  I  and  spreading  resistance  ( Solecon  Lads  I 
profiles  for  sample  LRP  82  The  SIMS  data  are  accu¬ 
rate  only  to  about  a  factor  of  2.  so  (he  level  of  boron 
activation  depicted  here  is  approximate 
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each  temperature  cycle  so  that  it  is  hot  only  for  the  time  speci¬ 
fied  for  each  processing  step. 

( 1 )  Hj  purge. 

(2)  Hj  bake  at  1150  *C  for  60  s  at  500  Torr,  3  1pm. 

(3)  Cool,  decrease  pressure  to  4.2  Torr,  introduce  SiH4 , 
let  gas  flow  stabilize. 

(4)  Epitaxial  deposition  of  undoped  silicon  in  the  range 
of  850-950  ‘C  for  60  s. 

(5)  Cool,  change  Hj  to  5.2  ppm  H*  in  H, ,  let  gas  flow 
stabilize. 

(6)  Epitaxial  deposition  of  p  *  silicon  in  the  range  of 
850-950  ‘C  for  5-10  s. 

(7)  Repeat  steps  (3)-(7)  for  multiple  p  '  "pulse"  re¬ 
gions.  Dichlorosilane  was  also  used  as  a  silicon  source  gas 
with  similar  results. 

A  typical  secondary  ion  mass  spectroscopy  (SIMS) 
profile  of  a  sample  with  two  p  *  regions  is  shown  in  Fig.  1. 
p  pulses  with  a  full  width  at  half-maximum  value  of  10  nm 
can  be  reproducibly  deposited.  The  boron  concentration  for 
sample  LRP  109  changes  four  orders  of  magnitude,  from 
10”  to  10^'  atoms/cm’,  over  a  distance  of  less  than  40  nm 
( 10  nm/decade).  For  comparison,  undoped/p  *  /undoped 
multilayer  structures  deposited  by  MBE  exhibit  boron  dop¬ 
ing  transitions  of  about  10  nm/decade.^  These  transition  val¬ 
ues  are  limited  by  the  depth  resolution  of  SIMS.  Clearly, 
however,  the  p  *  multipulse  sample  shown  in  Fig.  1  demon¬ 
strates  that  LRP  can  produce  ultrathin,  highly  doped  films 
of  epitaxial  silicon  with  excellent  control  of  layer  thicknesses 
and  doping  profiles. 

For  electrical  measurements,  p  ^  layers  (0  1-0.6 pm) 
were  deposited  on  n-type  substrates.  Figure  2  shows  SIMS 
and  spreading  resistance  data  for  sample  LRP  82.  The 
spreading  resistance  curve  was  scaled  by  matching  its  inte¬ 
grated  carrier  concentration  to  the  value  determined  by  Van 
der  Pauw  measurements.  The  Van  der  Pauw  technique  was 
also  used  to  measure  a  sheet  resistivity  of  58  H/O  and  a  hole 
mobility  of  42  cm^/V  s  for  sample  LRP  82.  This  value  of 
mobility  is  comparable  to  that  ofbulk  material  with  the  same 
hole  concentration.’ 


By  comparing  the  chemical  concentration  of  dopant  de¬ 
termined  by  SIMS  with  the  hole  concentration  determined 
by  spreading  resistance,  the  degree  of  boron  activation  can 
be  estimated.  However,  since  the  SIMS  data  are  accurate 
only  to  about  a  factor  of  2.  the  level  of  activation  is  difficult  to 
determine.  The  highest  hole  concentrations  measured  by 
spreading  resistance  and  Van  der  Pauw  were  in  the  range  of 
2x  10^“  cm"’.  For  some  samples,  SIMS  indicated  signifi¬ 
cantly  higher  boron  concentrations.  Thus,  inactive  boron  i*^ 
probably  present,  the  nature  of  which  is  currently  being  in¬ 
vestigated.  Previous  transmission  electron  microscopy  stud¬ 
ies  have  shown  boride  particles  in  heavily  doped  p  *  bulk 
material.'*  Annealing  experiments  are  being  conducted  to 
learn  more  about  LRP  boron  incorporation  and  activation. 

A  dilute  Schimmel  etch’  was  used  to  characterize  defect 
levels.  Few  defects  (  <  lO/cm')  were  found  for  low-doped 
epitaxial  layers  deposited  onp  *  substrates,  while  higher  lev¬ 
els  (about  3000/cm* )  were  found  for  epitaxial  layers  depos¬ 
ited  on  /7-type  substrates.  We  are  investigating  this  substrate 
dependence  which  may  be  caused  by  an  internal  gettenng 
mechanism.  In  addition,  some  of  the  more  heavily  doped  p  * 
layers  exhibited  a  very  fine  matte  or  slightly  rough  surface 
after  defect  etching  which  may  be  an  indication  of  boride 
precipitates.  It  should  be  noted  that  these  results  were  ob¬ 
tained  without  a  clean  room. 

In  summary,  the  fabrication  of  ultrathin  regions  of  sin¬ 
gle  crystal  silicon  with  high  doping  densities  and  excellent 
electrical  properties  has  been  demonstrated  using  LRP.  The 
ability  to  produce  multilayer  structures  with  sharp  interface 
transitions  suggests  applications  as  diverse  as  those  asenbed 
to  MBE.  We  are  currently  exploring  the  use  of  LRP  to  fabri¬ 
cate  devices  based  on  multiple  layers  of  semiconductors  and 
insulators. 

The  authors  appreciate  the  support  of  D.  A.  Reynolds 
and  DARPA  (contract  no.  DAAG29-85-K-0237),  as  wel 
as  the  contributions  of  J.  Hoyt,  K.  Lee  of  Bell  Labs,  C.  Evans 
of  Evans  and  Associates,  the  staff  of  the  Stanford  1.  C.  Lab, 
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Abstract— Vimitti  reaction  processing  (LRP)  has  been  used  to  (abri- 
calc  in-situ  silicon-silicon  dioxide-polycrysullinc  silicon  layers  for 
nMlal-oude-scmicooductar  (MOS)  capacitors.  The  process  consists  of 
multiple  in-situ  rapid  Ibermal  processing  steps  to  grow  or  deposit 
different  layers.  Capacitors  have  been  fabricated  from  these  layers  and 
analyzed  by  capacitance-voltage  measuretnents  for  inlerfacial  fixed 
charge  and  interface  state  density.  The  capacitors  exhibit  excelleni 
characteristics. 

I.  Introduction 

HE  metal-oxide-silicon  (.MOS)  capacitor  structure  forms 
a  crucial  element  in  modem  integrated  circuit  technology. 
The  capacitor  typically  consists  of  an  insulating  layer  (silicon 
dioxide)  grown  thermally  on  a  polished  silicon  wafer.  A 
conducting  layer  (originally  metal  but  now  usually  heavily 
doped  polycrystalline  silicon)  is  then  deposited  on  the  insulator 
to  form  the  "gate”  electrode.  Conventionally,  the  oxide  is 
grown  in  one  reactor  and  the  wafer  is  physically  transported  to 
a  second  reactor  for  the  polycrystalline  silicon  (polysilicon) 
deposition. 

We  report  here  the  in-situ  fabrication  of  the  multilayer 
MOS  structure  using  multiple  rapid  thermal  processing  steps. 
In-situ  multilayer  fabrication  might  avoid  the  inevitable 
chemical  and  particulate  contamination  that  occurs  when 
wafers  are  carried  from  the  oxidation  furnace  to  the  polysili¬ 
con  reactor.  Such  contamination  could  diffuse  through  the 
oxide  during  later  high-temperature  steps  to  the  substrate- 
oxide  interface  where  it  would  affect  the  performance  of 
MOSFET  s,  etc. 

U.  Fabrication 

Various  individual  rapid  thermal  processing  steps  such  as 
silicon  epitaxy  (IJ  and  thermal  oxidation  121-14]  have  already 
been  demonstrated  in  separate  reactors.  However,  by  chang¬ 
ing  the  ambient  gases  between  high-temperature  cycles  (from 
oxygen  to  silane,  e  g.),  multiple  thin  layers  of  different 
composition  (oxides,  polysilicon,  etc.)  can  be  grown  in  a 
single  reactor  without  removing  the  sample  from  the  process¬ 
ing  chamber.  In  our  experiments,  the  "limited  reacton 
processing”  (LRP)  system  described  in  (1)  was  used  for  the 
multiple-level  in-situ  growth.  Because  the  system  is  essen¬ 
tially  a  cold  wall  reactor  without  a  susceptor,  only  the  wafer 
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gets  heated  during  a  deposition  or  growth  cycle.  Thus 
“history”  effects  from  one  cycle  to  the  next  from  wall  and 
susceptor  deposition  should  be  negligible. 

To  fabricate  the  capacitor  structure,  the  two  steps  of  rapid 
gate  oxidation  and  polysilicon  deposition  were  sequentially 
performed  in  the  LRP  chamber  without  disturbing  the  wafer 
between  the  steps.  The  wafers  used  for  the  experiments  were 
2-in  diameter  phosporus-doped  (100)  silicon  wafers  with  a 
resistivity  of  —3  O-cm.  After  a  chemical  cleaning,  the  wafers 
were  loaded  into  the  LRP  chamber.  The  gate  oxidation  was 
performed  in  an  oxygen  ambient  with  4-pcrcent  HCl  at  a 
temperature  of  1150°C  and  a  pressure  of  500  torr.  A  typical 
oxidation  time  of  2  min  yielded  an  oxide  thickness  of  from  290 
to  310  A .  Because  of  the  reduced  pressure  and  relatively  short 
time  at  high  temperature,  a  direct  comparison  of  the  oxide 
thickness  to  that  expected  with  conventional  equipment  is  not 
possible.  After  the  high-temperature  step,  the  process  gases 
were  changed,  and  a  layer  of  heavily  boron-doped  polysilicon 
was  deposited  using  a  combination  of  silane,  diborane.  and 
hydrogen  as  the  source  gases.  It  should  be  noted  that  the 
source  gas  flow  was  stabilized  before  the  heating  lamps  were 
turned  on,  so  that  the  wafer  temperature  and  not  the  gas  flows 
determined  the  start  and  stop  of  ihe  deposition  reaction.  The 
polysilicon  layers  were  deposited  at  580'C  at  a  pressure  of  1 .5 
torr.  The  layer  thickness  was  about  0.4  ^m,  and  the  sheet 
resistivity  of  the  layers  ranged  from  50  to  100  E.  Conventional 
deposition  of  “polysilicon”  below  600'C  usually  results  in 
amorphous  rather  than  polycrystalline  material  [5].  However, 
defect  etching  indicated  that  our  deposited  polysilicon  layers 
were  indeed  polycrystalline.  We  have  not  pursued  the  cause  of 
this  result. 

To  provide  a  comparison  with  conventional  processing,  a 
control  wafer  was  processed  exactly  as  above,  except  that  it 
was  removed  from  the  LRP  chamber  after  the  oxidation  and 
given  a  chemical  cleaning  to  simulate  conventional  handling. 
It  was  then  reloaded  into  the  LRP  chamber  for  the  polysilicon 
gate  deposition. 

After  the  polysilicon  deposition,  conventional  processing 
and  photolithography  were  performed  on  all  samples  to  change 
the  uniform  layers  (Fig.  1(a))  into  the  final  capacitor  structure 
shown  in  Fig.  1(b).  The  final  processing  step  was  a  375*C 
forming  gas  anneal  (90-percent  Nj,  10-perccni  H;). 

III.  Results 

Conventional  high-  and  low-frequency  capacitance-voltage 
(CK)  measurements  were  performed  to  measure  the  quality  of 
the  substrate  silicon-silicon  dioxide  interface  (sec  (61  for  a 
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Fig.  1.  (4)  Th<  strucRirc  created  m  sJ/u  by  LRP  and  (b)  the  ftnished 
capacitor  structure. 

good  review  of  CK  techniques).  From  the  high-frequency 
curve,  the  oxide  thickness,  substrate  doping,  and  the  interfa- 
cial  fixed  charge  N/can  be  extracted.  From  a  combination  of 
the  two  curves,  the  interface  state  density  D„  can  be  calculated 
(6],  [7],  The  capacitor  area  was  4.5  x  10'^  cm^.  Several 
capacitors  were  measured  on  each  sample  for  statistical 
significance.  The  effect  of  mobile  ions  on  N/.  as  revealed  by 
bias-temperature  stress  measurements,  was  less  than  1  x  lO'** 
cm’^ 

The  measured  high-  and  low-frequency  CK  curves  exhib¬ 
ited  the  classical  shape  (6],  and  the  extracted  interface  state 
density  of  all  samples  yielded  the  conventional  {/-shaped  cur\'e 
wtth  a  minimum  near  midgap.  The  extracted  substrate  dopings 
were  consistent  with  the  resistivities  of  the  starting  wafers. 
Both  the  /fi-si/u  sample  (LRP  91 )  and  the  sample  that  received 
an  external  chemical  cleaning  between  the  oxidation  and  the 
polysilicon  deposition  ( LRP  90)  showed  midgap  interface  state 
densities  of  2-3  x  1 0 cm  *  •  eV  ‘ .  Sample  LRP  9 1  had  an 
interfacial  fixed  charge  of  2.5  ±  0.1  x  10"  cm  *,  compared 
to  a  fixed  charge  of  2.1  ±0.1  x  10"  cm  " ^  for  sample  LRP 
90. (A  difference  in  work  functions  between  the  gate  and  an 
intrinsic  substrate  of  0.54  eV  was  assumed  [81)  Fixed 
charges  and  interface  state  densities  in  these  ranges  are  typical 
for  conventional  thermal  oxides  grown  at  1150°C  and  not 
annealed  at  high  temperature  in  an  inert  ambient  (9).  It  is  not 
known  if  the  difference  in  fixed  charge  between  the  two 
samples  is  significant  or  represents  a  normal  run-to-run 
variation.  It  is  possible  that  removing  LRP  90  from  the 
chamber  and  subjecting  it  to  a  chemical  cleaning  would  lead  to 
a  different  than  for  the  sample  processed  in  situ  because  of 
an  interfacial  dipole  layer  (8). 

After  the  polysilicon  deposition,  one  of  the  samples 
processed  in  situ  received  a  further  1 150*C  15-s  anneal  in  an 
argon  ambient.  It  is  well  known  that  such  anneals  improve 
interface  quality  [4],  [9),  [10].  The  high-  and  low-frequency 
Cy  curves  for  this  sample  are  shown  in  Fig.  2,  and  the 
interface  slate  density  is  shown  in  Fig.  3.  With  the  anneal,  the 
midgap  interface  state  density  decreased  to  -5  x  lO^cm'^ 
eV"',  indicative  of  an  excellent  interface.  The  fixed  charge 


Fig.  2-  Typical  CV  curves  for  an  in-silu  MOS  capacitor  (1150'C  15  s 
anneal!  with  an  area  of  4.5  x  10  '  cm^  The  capacitance  values  have  been 
normalized  to  the  maximum  capacitance  of  504  pF. 


Surface  Potential  IV) 

Fig  3  Interface  sute  density  as  a  lunction  of  position  in  the  bandgap  for  the 
capacitor  of  Fig  2. 

measured  0  ±  1  x  10'"  cm'^.  Although  such  a  interface 
charge  is  unusual,  an  error  in  the  assumed  <!>„  of  only  0.03  eV 
would  change  the  calculated  N/ by  2  x  )0'°cm"‘. 

To  further  probe  the  oxide  quality,  tunneling  current 
measurements  were  performed.  Fig.  4  shows  the  tunneling 
current  in  an  annealed,  in-situ  polysilicon  capacitor  of  area 
4.5  X  10"’  cm^.  The  gate  was  biased  positive  to  inject 
electrons  from  the  substrate  into  the  oxide.  (Because  of  a 
larger  barrier  height  (11),  hole  tunneling  from  the  gate  into  the 
oxide  can  be  ignored.)  The  voltage  was  scanned  five  times,  but 
the  first  four  times  the  scan  was  stopped  4  V  before  destructive 
breakdown.  The  fact  that  the  curves  fail  on  top  of  one  another 
indicates  good  oxide  subility.  On  the  fifth  scan,  the  voltage 
was  increased  until  breakdown.  The  breakdown  field  of  10 
MV/cm  is  that  expected  for  high-quality  SiOy  films. 

IV.  Summary 

In  summary,  the  use  of  limited  reaction  processing  to 
fabricate  in-situ  multiple  layers  for  MOS  capacitors  has  been 
demonstrated.  The  fabricated  capacitors  exhibit  excellent 
characteristics.  The  ability  to  deposit  gate  electrode  layers  in 
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Fig  4.  Tunneling  currrni  for  a  capucilor  annealed  ai  high  lemperaiure 

s/fu  should  provide  a  useful  tool  for  studying  gate  electrode- 
semiconductor  work  function  differences.  Larger  scale  experi¬ 
ments  are  still  needed,  however,  to  evaluate  the  process  yield 
and  uniformity  implications  of  in-siiu  multiple  layers. 
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Generation  lifetimes  and  diode  properties  have  been  measured  in  epitaxial  silicon  films  grown  by 
limited  reaction  processing.  Generation  lifetimes  from  1.4  to  94  /as  were  measured  by  observing 
the  recovery  of  MOS  capacitors  from  deep  depletion.  Planar  diodes  fabricated  in  both  n-  and p- 
type  epitaxial  films  show  excellent  behavior  in  both  forward  and  reverse  bias,  p-n  junctions 
formed  by  growing  p-type  epitaxial  silicon  directly  on  an  n-type  substrate  show  no  evidence  of 
excessive  interface  defects  or  traps. 


Limited  reaction  processing  (LRP)  is  a  new  technique 
for  fabricating  thin  semiconductor  and  insulator  layers  by 
controlled  high-temperature  surface  reactions.  ‘  In  an  earlier 
letter,  the  growth  of  thin  epitaxial  silicon  layers  with  ex¬ 
tremely  abrupt  doping  profiles  was  described.  The  film  qual¬ 
ity  was  evaluated  in  our  laboratory  by  both  Rutherford 
backscattering  (RBS)'  and  by  majority-carrier  mobility- 
measurements.  These  measurements  both  showed  the  mate¬ 
rial  to  be  indistinguishable  from  single-crystal  silicon  sub¬ 
strates.  However,  these  techniques  do  not  provide  very  ex¬ 
acting  tests  of  crystal  quality.  Minority-carrier  properties 
and  devices  provide  a  much  more  stringent  and  ultimately 
more  practical  test  of  the  quality  of  semiconductor  layers.  In 
this  communication  we  report  the  results  of  generation  life¬ 
time  measurements  and  p-n  junction  formation  in  LRP  epi¬ 
taxial  silicon  films. 

The  LRP  technique  uses  the  sample  temperature  to  con- 
trol  the  start  and  stop  of  surface  reactions  (such  as  epitaxial 
growth  or  oxidation),  rather  than  using  the  gas  flows  as  is 
conventionally  done.  The  wafer  temperature  can  be  rapidly 
and  reproducibly  controlled  using  radiant  heating  from 
lamp  banks  controlled  by  microprocessors.  (Others  have 
used  radiant  lamp  heating  to  control  the  wafer  temperature 
for  epitaxial  growth,  but  they  have  used  the  gas  flows,  as 
opposed  to  the  sample  temperature  as  done  here,  to  control 
the  start  and  stop  of  the  growth  process.' )  Because  the  LRP 
technique  minimizes  the  time  a  wafer  is  exposed  to  high  tem¬ 
perature,  it  has  the  ability  to  grow  ultrathin  epitaxial  layers 
with  the  detectable  transition  thickness  approaching  those 
of  molecular  beam  epitaxy  (MBE).'  ’ 

The  epitaxial  films  grown  by  LRP  studied  here  were 
t  ypically  2-3  /i  m  thick  and  had  carrier  concentrations  on  the 
order  of  5x  lO'*’  cm  n-type  films  were  grown  on  Sb- 
doped  n-type  ( 100)  2-in.  silicon  substrates  with  a  resistivity 
of  ~0.02  11cm,  and  p-type  films  were  grown  on  boron- 
doped  p-type  (111)  substrates  with  a  resistivity  of  ~0.05 
11  cm.  The  source  gases  for  the  growth  were  silane  and  dibor- 
ane  in  a  hydrogen  carrier  for  the p-type  samples,  and  dichlor- 
osilane  for  the  n-type  samples.  The  deposition  temperature 
was  in  the  range  of  850-950  'C,  the  growth  pressure  was  4.2 
Torr,  and  the  growth  rate  varied  from  0.5  to  l.Opm/min. 

The  minority-carrier  generation  lifetimes  were  mea¬ 
sured  in  the  epitaxial  films  by  the  technique  of  deep  depletion 
recovery  of  MOS  capacitors  described  in  principle  by 


Zerbst.^  The  capacitors  were  formed  by  oxidizing  the  epitax¬ 
ial  layers  in  a  steam  ambient  at  1000  °C  to  give  an  oxide 
thickness  of  about  650  A.  A  high-temperature  anneal,  metal 
evaporation,  lithography,  and  patterning,  and  a  450  °C 
forming  gas  anneal  completed  the  fabrication  of  the  test 
structure.  For  control  purposes,  test  capacitors  were  also 
fabricated  directly  in  both  n-  and  p-type  (100)  Czochralski 
single-crystal  substrates,  with  doping  levels  comparable  or 
lower  than  those  in  the  epitaxial  films.  During  the  measure¬ 
ments.  a  computerized  feedback  system  was  used  to  adjust 
the  gate  voltage  to  hold  the  depletion  width  ( and.  hence,  the 
generation  volume)  constant. Guard  nngs  were  used  to 
minimize  lateral  effects.  This  is  especially  important  for 
lightly  doped  layers.  Five  to  ten  capacitors  were  measured 
on  each  sample. 

The  results  of  the  generation  lifetime  measurements  are 
shown  in  Table  1.  In  all  cases  there  was  some  random  vari¬ 
ation  in  the  measured  lifetimes,  but  the  generation  lifetimes 
in  the  LRP  samples  were  consistently  in  the  range  of  micro¬ 
seconds  for  fl-type  epitaxial  films  and  tens  of  microseconds 
for  p-type  epitaxial  films.  Why  the  p-type  sample  yielded 
longer  lifetimes  than  the  n-type  sample  is  not  known.  While 
the  lifetimes  for  the  LRP  films  were  roughly  an  order  of 
magnitude  lower  than  those  found  in  the  virgin  Czochralski 
wafers,  they  nevertheless  represent  e.xcellent  material.  Gen¬ 
eration  lifetimes  in  the  10  us  range  are  common  for  epitaxial 
silicon  films  used  for  very  large  scale  integration  (VLSI) 
processing.’ 

The  simplest  minority-carrier  device  is  a  p-n  junction 
diode.  Planar  diodes  were  fabricated  in  the  LRP  epitaxial 
layers  described  earlier  by  ion  implantation  and  annealing. 
The  implants  were  masked  by  deposited  oxide  which  was 
lithographically  patterned.  A  dose  of  1  x  10’’  cm  ' '  of  50- 
keV  BFP  ions  was  implanted  into  an  n-type  epitaxial  layer 
and  annealed  at  KXXD'C  for  3  min  to  create  p'^-n  diodes. 
As  ■'  ions  ( 1(X)  keV,  2x  10”  cm  '  ^ )  were  implanted  in  ap- 
type  epitaxial  layer  and  annealed  for  20  s  at  1 000  'C  to  create 
n  "  -pdiodes.Thedepthoftheannealedjunctionswasonthe 
order  of  0.2  pm  in  both  cases,  much  less  than  the  2-3  pm 
thickn*«"  of  the  epitaxial  layers.  Because  the  implanted  lay¬ 
ers  wi..  J  ;  avily  doped,  the  junction  depletion  regions  were 
pnmarily  in  the  lightly  doped  unimplanted  epitaxial  materi¬ 
al  under  the  heavily  doped  surface  layers.  Since  the  perfor¬ 
mance  of  p-n  junctions  strongly  dependent  on  the  material 
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FIG.  1.  Typical  curve-trac¬ 
er  charactenstics  for  an 
diode 
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quality  in  the  depletion  region,  these  diodes  should  be  a  good 
probe  of  the  “as-grown”  epitaxial  material.  Metal  contact 
formation  and  a  forming  gas  anneal  completed  the  diode 
fabrication. 

Both  the  n*-p  and p*-n  diodes  had  well-behaved  curve- 
tracer  characteristics  (Fig.  1 )  and  had  breakdown  voltages 
consistent  with  the  doping  of  the  epitaxial  films  ( 24  V  for  the 
p*-n  diodes,  16  V  for  the  n'^-p  diodes).  More  interesting  is 
the  low  current  behavior  of  the  diodes  in  forward  bias.  A 
commonly  used  measure  of  semiconductor  junction  quality 
is  the  diode  quality  factor  commonly  referred  to  as  "n."  The 
quality  factor  describes  how  fast  the  diode  current  increases 
in  forward  bias  compared  to  the  ideal  maximum  slope  (59 
mV/decade  of  current  at  room  temperature,  n  =  1.00).  In 
diodes  in  matenal  with  very  low  lifetimes,  the  forward  cur¬ 
rent  will  be  dominated  by  recombination  at  defects  in  the 
depletion  region,  leading  to  a  slope  of  2  x  59  or  118  mV/de¬ 
cade  (n  =  2.00)." 

Figure  2  shows  the  current-voltage  relationship  of  a 
typical p  *  -«  diode  in  forward  bias.  From  the  linear  portion 
of  the  curve  on  this  semilogarithmic  plot,  a  diode  quality 
factor  of  1 .05  is  found.  The  diode  quality  factor  for  the  n  *  -p 
cfiodes  was  1.10.  Control  diodes  in  Czochralski  substrates 
had  a  quality  factor  of  1.00-1.03.  The  reverse-bias  leakage 
current  was  measured  on  p  *  -n  diodes  in  the  LRP  films  with 
an  area  of  3.4  x  lO"*  cm' .  A  typical  leakage  current  at  a 
reverse  bias  of  5  V  was  7  pA.  Using  a  simple  one-dimensional 


TABLE  I  Oeneraiion  lifetimes  for  LRP  rpitasial  layers  and  conirol  Czocn 
raiski  (CZ)  wafers. 


Sample 

Doping  type  and 
oneniation 

Doping  level 
(cm  ') 

Gcncraiion  liieiime 
(  /iS) 

cz 

n-l  100) 

2x  10" 

49-87 

LRP 

n-(  100) 

2.5x  10" 

14-4  3 

CZ 

p-(  100) 

7x  10" 

144-203 

LRP 

p-(  100) 

7x  10" 

14-94 

approximation  for  the  depletion  region  width,  a  generation 
lifetime  in  the  epitaxial  film  of  4  /xs  can  be  calculated  to  be 
consistent  with  the  observed  currents.  This  lifetime  is  w  ithin 
the  range  of  those  measured  by  the  deep  depletion  recovery 
method  (Table  I). 

Because  defects  and  generation-recombination  centers 
can  lower  lifetimes  by  many  orders  of  magnitude,  the  rela¬ 
tively  good  lifetimes  and  diode  performance  indicate  that  the 
LRP  epitaxial  layers  are  of  rather  high  quality.  Good  films 
suggest  accurate  alignment  of  the  first  epitaxial  layers  nu¬ 
cleated  during  the  temperature  ramp-up  in  the  LRP  deposi¬ 
tion  cycle.  This  is  fortunate  because  these  layers  serve  as 
templates  for  subsequent  growth,  and  a  few  poor  initial  lay¬ 
ers  would  likely  result  in  a  low-quality  film.  (Low-tempera¬ 
ture  deposition  for  long  times  results  in  poor  epitaxial  align¬ 
ment  or  even  polycrystalline  growth.)  Apparently,  the  rate 
of  increase  of  the  sample  temperature  ( room  temperature  to 
~900°C  in  ~3  s)  is  fast  enough  to  avoid  such  problems. 

To  further  examine  the  epitaxial  layer-substrate  inter¬ 
face.  p-n  junctions  were  formed  by  growing  p-type  epitaxial 
silicon  films  (thickness  —2pm,  doping  —  5X10'’  cm"') 
directly  on  the  n-type  silicon  substrates  described  earlier. 
The  depletion  regions  associated  with  the  junctions  should 
then  include  the  substrate  interface.  Individual  p-n  diodes 
were  formed  by  aluminum  deposition  and  patterning  fol¬ 
lowed  by  silicon  mesa  etching.  Note  that  no  ion  implantation 
or  high-temperature  annealing  was  required  to  create  the 
diodes.  The  forward-bias  characteristics  of  three  diodes  of 
different  area  is  shown  in  Fig.  3.  Note  that  the  current  scales 
as  the  area  of  the  diodes.  The  diodes  exhibit  an  ideality  factor 
of  1.05,  indicating  a  minimum  of  defects  in  the  depletion 
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FIG  2  Typical  curreni-voliage  relationship  for  ip'  -n  diode  in  forward 
bias  The  diode  area  was  3  4  «  10~ '  cm’ 


FIG  3  Forward  bus  charactenstics  ofsubsirale-epilaxial  layer  n./>  diodes. 
The  diode  areas  are  4.<)x  10“  %  5  1  «,  10  '.  and  4.8  x  10"*  cm^ 
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region  and,  hence,  negligible  defects  at  the  substrate  inter¬ 
face.  Thus,  the  temperature  transient  during  the  beginning 
of  the  LRP  growth  cycle  appears  to  have  had  no  adverse 
affects  on  the  electrical  properties  of  the  substrate-epitaxial 
layer  interface.  The  actual  atomic  quality  of  the  epitaxial 
layer-substrate  interface  is  currently  under  further  investiga¬ 
tion. 

In  summary,  the  minority-carrier  properties  of  silicon 
epitaxial  films  grown  by  limited  reaction  processing  have 
been  investigated.  The  films  exhibit  relatively  high  lifetimes 
( 1-100 /js)  and  good  diode  characteristics.  Furthermore, 
the  substrate-epitaxial  layer  interface  shows  no  evidence  of 
excessive  traps  or  recombination  centers.  High-quality  films 
and  interfaces  combined  with  the  ability  to  grow  10-nm  lay¬ 
ers^  should  make  LRP  a  useful  tool  for  the  fabrication  of 
high-performance  electronic  devices. 
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Abstract— LimittfS  reaction  processing  (LRPi  has  been  used  lo  achieve 
■he  in-situ  growth  of  epitaxial  silicon-oxide-doped  polysilicon  layers.  The 
in-situ  growth  of  these  multiple  layers  was  combined  with  the  selective 
epitaxial  growth  technique  lo  create  structures  for  MOSFET  fabrication. 
The  results  of  n-  and  p-channel  transistor  fabrication  utilising  these 
structures  are  presented. 

I.  Introduction 

HE  silicon  substrate-oxide-doped  polysilicon  structure 
forms  the  heart  of  the  modern  MOSFET.  For  some 
CMOS  isolation  techniques,  a  silicon  epitaxial  layer  is  added 
to  create  a  substrate-epi-oxide-polysilicon  sandwich  11|-|4]. 
Consentionally,  these  layers  are  each  fabricated  in  a  separate 
step  in  a  separate  reactor,  ana  the  wafers  must  be  physically 
transported  from  one  reactor  to  another.  In  this  letter  we  report 
the  in-situ  fabrication  of  epi-oxide-polysilicon  structures  and 
present  the  performance  of  n-  and  p-channel  MOSFET's 
fabricated  using  these  structures. 

The  multiple-layer  structures  were  fabricated  using  the 
limited  reaction  processing  iLRP)  technique  1?|.  This  method 
uses  rapid  changes  in  sample  temperature  to  control  the 
growth  or  deposition  of  thin  high-quality  .semiconductor  or 
insulator  layers.  The  LRP  sy  stem  has  been  described  previ¬ 
ously  (5].  It  consists  of  a  quartz  reaction  tube  surrounded  by 
microprocessor-controlled  tungsten  lamps.  One  end  of  the 
reaction  tube  is  connected  to  a  gas  control  system  which  can 
supply  several  conventional  processing  gases  such  as  Ar.  O;. 
SiH4,  etc.  The  other  end  is  connected  to  a  low-pressure 
pumping  apparatus.  Silicon  samples  in  the  reaction  tube  can  be 
brought  to  typical  processing  temperatures  (e.g.,  1000°C  from 
room  temperature)  in  a  matter  of  seconds.  By  changing  the 
process  gases  in  the  reaction  tube  between  high-temperature 
cycles,  multiple  semiconductor  and  insulator  layers  may  be 
sequentially  grown  or  deposited  in  situ.  i.e..  without  remov¬ 
ing  the  wafer  from  the  reaction  chamber. 

We  have  previously  used  this  technique  for  the  sequential 
in-situ  growth  of  a  thin  oxide  and  then  the  deposition  of  doped 
polysilicon  for  the  fabrication  of  MOS  capacitors  [6).  How- 
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ever,  that  work  did  not  include  an  epitaxial  silicon  layer  and 
was  not  extended  to  a  fabrication  process  for  MOSFET's. 

II.  Fabrication 

The  starting  materials  for  the  experiments  were  ilOOi  Sb- 
doped  n-type  silicon  wafers  for  p-channel  FET's  and  ( lf)0)  B- 
doped  p-iype  wafers  for  n-channel  devices.  Both  types  of 
substrates  had  a  resistivity  of  -0.01  fi-cm.  Two-inch  squares 
were  cut  from  larger  wafers  to  fit  into  the  limited  reaction 
prtxressing  tube.  Initially,  a  uniform  field  oxide  of  thickness 
6000  was  grown  by  wet  oxidation  at  1 100°C  in  a 
conventional  furnace.  Holes  in  the  field  oxide  for  subsequeni 
selective  epitaxial  growth  were  then  opened  using  a  conven¬ 
tional  "diffusion"  mask  and  wet  chemical  etching.  After  a 
chemical  cleaning,  the  wafers  were  loaded  into  the  LRP 
chamber  and  baked  in  H;  for  30  s  at  1150°C  and  1.0  torr. 
Three  successive  high-temperature  steps  were  then  carried  out 
to  create  the  structure  in  Fig.  1(a).  These  steps  were:  1) 
selective  epitaxial  silicon  growth;  2)  gate  oxidation;  and  3) 
doped  polysilicon  deposition.  The  process  gases  were  changed 
and  purge  cycles  were  performed  between  the  high-tempera- 
ture  steps,  but  the  vacuum  seal  to  the  chamber  was  not  broken. 

The  primary  source  gases  used  for  the  epitaxial  growth  were 
7-pcrcent  SiH;Cl;  and  2-percent  HCl  in  an  H;  carrier.  The 
HCl  flow  was  chosen  to  achieve  selective  growth,  i.e..  to 
grow  epi  in  the  oxide  holes  but  to  avoid  polysilicon  deposition 
on  top  of  the  field  oxide.  For  n-channel  MOSFET's.  1 .8  ^m  of 
p-type  epi  was  grown  on  a  p'  substrate  (sample  LRP  169).  and 
1.8  ixm  of  n-epi  was  grow  n  on  an  n’  substrate  for  p-channel 
devices  (sample  LRP  171).  The  pressure  during  the  epitaxial 
growth  was  4.2  torr.  the  wafer  temperature  was  925°C.  and 
the  growth  rate  was  —  1  ^im/min.  The  epitaxial  layer  doping  in 
both  cases  was  5  x  10"’  cm  ’.  Note  that  the  epitaxial  layer 
was  some  three  times  thicker  than  the  field  oxide.  The  detailed 
nature  of  the  faceting  that  occurs  at  the  edge  of  the  epitaxial 
silicon  surface  [7]  was  not  investigated. 

The  gate  oxidation  was  performed  at  1 150°C  in  an  oxygen 
ambient  at  .a  pressure  of  500  torr  for  a  period  of  60  s.  The  gate 
oxide  thickness  was  140  A.  After  the  oxidation,  heavily  doped 
p-type  polysilicon  was  deposited  using  silane  and  diborane  at 
SSO'C  and  1.5  torr.  The  polysilicon  layer  thickness  was 
0.3  /im. 

After  the  LRP  steps,  conventional  processing  (beginning 
with  gate  lithography  and  etching)  was  carried  out  to  create  the 
MOSFET  structures  shown  schematically  in  Fig.  1(b).  Rapid 
thermal  annealing  of  the  source-drain  implants  was  performed 
to  minimize  outdiffusion  from  the  heavily  doped  substrate. 
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(a) 


Fic  I  ia»  Muluple-le\el  epj-oxide-p(^l>  structure  grosMi  in-situ  b\  LRP. 
and  lb)  the  schematic  cross  section  of  MOSFET's  made  from  this  structure 
Vote  that  the  actual  epitaxial  laser  in  our  experiments  was  three  times 
thicker  than  the  field  oxide. 

During  the  back-end  prix:essing.  the  wafers  were  subjected  to 
a  total  of  15  min  at  900°C.  A  titanium-aluminum  metallization 
and  a  400°C  forming  gas  anneal  completed  the  processing. 

in.  Resvits 

On-chip  capacitor  test  structures  confirmed  the  gate  oxide 
thickness  of  140  A  and  showed  an  epitaxial  layer  doping  of  4- 
5  X  10'*'  cm  •’  for  both  the  p  and  n  epitaxial  layers.  Both  the 
n-  and  p-channel  MOSFET’s  exhibited  qualitatixely  well- 
behaved  characieri.stics.  A  curse-tracer  photograph  of  a 
typical  short-channel  n-MOS  device  is  shown  in  Fig.  2.  (The 
effective  channel  length  of  0.8  ^m  was  determined  by 
measuring  the  transistor  conductance  for  many  different  gate 
lengths  at  several  different  gate  biases.)  The  typical  perform¬ 
ance  of  a  p-channel  device  (with  L^,,  =  1 .0  urn)  is  shown  in 
Fig.  3. 

Threshold  voltages  and  channel  mobilities  were  extracted 
from  long-channel  (50'/.im)  devices  in  the  triode  regime.  The 
n-channel  transistors  had  a  threshold  voltage  of  1 .23  ±  0.05  V 
and  an  electron  surface  mobility  of  490  ±  10-perccnt  cmV 
Vs.  Given  the  epi  doping  concentration  of  5  x  10'*'cm  ’.a 
surface  mobility  of  600  cm3''V-s  might  have  been  expected 
181  However,  the  CV  measurements  indicated  a  surprisingly 
high  fixed  charge  at  the  epi  Si-SiO;  interface  (AV  -  5  x  10" 
cm  -).  Excess  scattering  caused  by  these  charge  centers  can 
reduce  surface  mobilities  18).  The  reason  for  this  large 
interface  charge  is  not  known.  The  p-channcl  devices  had  a 
threshold  voltage  of  -0.80  ±  0.05  V  and  a  hole  mobility  of 
120  em’/V-s.  The  subthreshold  behavior  of  the  devices  was 
also  well  behaved.  Both  the  n-  and  p-channel  devices  showed 
subthreshold  slopes  of  approximately  90  mV/decade.  The 
source  (drain)-to-substrate  breakdown  voltages  for  both  types 
of  devices  ranged  from  12  to  20  Such  breakdown  voltages 
are  consistent  with  the  measured  epitaxial  layer  doping. 


Fig  2.  Curve-tracer  characteristics  of  a  tvpicai  n-channel  dev  ice  w  iih  /. 
0.8  fiin  and  W  =  50  nm 


Fig.  3-  Curve-tracer  characteristics  of  a  ivpical  p-channel  device  vkUh  L.. 

1 .0  jim  and  ==  50  ym 

The  low  carrier  mobilities  and  the  high  interfacial  charge 
indicate  some  material  problems  at  the  epitaxial  laycr-ihin 
oxide  interface.  Although  it  is  conceivable  that  the  high  fixed 
charge  is  related  to  the  in-silu  processing,  it  is  more  likeK  that 
the  selective  epitaxial  growth  step  was  not  properly  optimized 
Uniform  nonselcctise  epitaxial  silicon  layers  grown  by  LRP 
have  been  shown  to  exhibit  excellent  material  and  electrical 
properties  15).  19).  Thc.se  include  minority-carrier  lifetimes  in 
the  range  of  tens  of  microseconds  and  electron  and  hole 
surface  mobilities  (for  conventionally  processed  FET’s)  of  8.'(l 
and  200  enr  V  s.  respectively .  It  should  be  noted  that  two- 
step  in-siiii  processing  (oxidation  plus  poly  silicon  deposition  i 
has  been  found  to  yield  excellent  interface  quality  |6| 

IV.  DiscfssioN 

Multiple-level  in-siiti  processing  could  reduce  the  inevitable 
contamination  (particulate  and  chemical)  that  occurs  when 
wafers  are  transported  from  one  reactor  to  another.  Cleaner 
interfaces  between  layers  could  lead  to  greater  prcxress 
uniformity  and  higher  yields.  Such  considerations  could  be 
imponant  for  ULSl.  However,  the  scale  of  the  processing  in 
these  experiments  (2-in  wafers  and  discrete  devices)  was  not 
sufficient  to  allow  realistic  testing  of  parameters  such  as 
threshold  uniformity  and  yield. 

Because  limited  reaction  processing  minimizes  the  high- 
temperature  exposure  of  the  wafer,  the  substrate-epitaxi.i! 
layer  interface  remained  sharp.  A  SIMS  profile  of  the  B 
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Ml  RM  w  a/  /S  SITL  RPIT  WIAL  SILlCOS-OXIDh-DOPhD  P<)L\  SILICON 

- - - - - - , 


2i>  30 

depth 

»  L  4  sIMs  pri'iJf  -'f  :hc  N>ron  j.’pinii;  tn  the  epnj\iji  lj\cr  after  the 
v>‘mp,c!.  'n  iM  SU»SI-bT  pfiKCNMne  (sampie  LRP 

vjoping  preille  in  sample  LRP  16*)  after  the  completion  of  the 
privessing  shows  the  B  concentration  at  the  interface  changes 
PS  nearls  tsso  orders  of  magnitude  in  only  0  3  j<m  iFig.  4). 
Hence  the  epitasial  laser  thickness  could  base  been  much 
thinner  than  the  -  2  urn  used  in  these  experiments  ssithout 
jdsersels  aliecting  the  transistors.  Note  that  depositing  the 
polssilicon  tn-\itu  implies  that  ans  implants  lor  threshold 
'hitting  ssi'uld  base  to  be  done  through  the  gate  polssilicon. 
As  an  alternatise  to  such  implants,  the  tight  control  of  dopant 
profiles  offered  bs  LRP  mas  make  it  possible  to  tailor  the 
doping  of  the  epitaxial  laser  during  the  laser  grssssth  Such  a 
technique  ssould  depend  on  sens  precise  control  of  the  dopant 
lesel  in  the  epitaxial  material,  hosseser 

In  this  ssork.  n-  and  p-channel  desices  svere  fabricated  on 
separate  substrates.  Further  ssork  is  underseas  to  combine  both 
types  of  transistors  onto  a  common  substrate  for  complemen¬ 
tary  structures.  Such  a  prtx'ess  ssill  probably  require  tsso 
separate  selective  epitaxial  steps.  Because  of  the  oxide 
isolation  and  the  heavily  doped  substrates,  the  complementary 
structure  should  be  rather  immune  to  latch-up. 


V,  Si  sisi  sKS 

The  use  of  limited  reaction  processing  to  fabricate  multiple- 
layer  semiconductor  and  insulator  structures  has  been  demon¬ 
strated.  These  layers  have  been  used  to  labrieate  both  n-  and  p- 
channel  MOSFET's.  Funher  experiments  arc  necessarv  to 
evaluate  the  yield  and  process  uniformity  implications  of 
multiple  layer  in-situ  growth.  Construction  of  a  large-scale 
reactor  for  this  purpo.se  is  in  progress.  Combining  limited 
reaction  processing  w  ith  in-situ  patterning  (such  as  laser  beam 
assisted  deposition  [101)  tnay  make  it  possible  to  someday 
build  a  complete  circuit  without  removing  the  wafer  from  the 
processing  chamberl 
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ABSTRACT 

SiGe/SI  superiattices  were  grown  using  limited  reaction  processing  in  a 
chamber  which  allows  both  W-halogen  and  Hg  arc  wafer  illumination.  Each  multilayer 
structure  was  fabricated  in-situ  by  changing  the  gas  composition  between  high 
temperature  cycles.  Commensurate  SiGe  alloy  layers  as  thin  as  15  nm  were 
reproducibly  deposited  and  were  examined  using  transmission  electron  microscopy, 
sputtering  Auger  electron  spectroscopy,  and  Rutherford  backscattering.  Preliminary 
results  are  presented  on  UV/ozone  cleaning  of  LRP  substrates  to  remove  residual 
carbon  contamination  in-situ  prior  to  film  deposition. 


INTRODUCTION 

In  previous  papers  [1-4],  we  introduced  limited  reaction  processing  (LRP)  as  a 
new  technique  for  the  in-situ  fabrication  of  multiple  thin  layers  of  semiconductors  and 
insulators.  The  key  to  LRP  is  precise  control  of  thermally  driven  surface  reactions. 
By  using  radiant  energy,  large  changes  in  the  temperature  of  a  semiconductor 
substrate  can  be  induced  very  quickly  yet  controllably.  As  shown  in  Figure  1 ,  such 
rapid  temperature  changes  are  used  in  an  LRP  cycle  as  a  "switch"  to  turn  a  thermally 
driven  surface  reaction  on  and  off. 

The  LRP  technique  has  three  significant  capabilities  or  advantages.  First,  since 
the  substrate  is  hot  only  during  layer  growth,  LRP  inherently  minimizes  the  thermal 
exposure  of  a  substrate,  reducing  the  broadening  of  interfaces  by  diffusion  and 
intermixing.  Second,  LRP  allows  the  controlled  growth  of  very  thin  layers.  The 
accuracy  and  reproducibility  of  substrate  temperature  vs  time  profiles  afforded  by 
lamp  heating  allows  excellent  control  of  the  extent  of  surface  reactions.  Third,  LRP 
facilitates  in-situ  processing.  By  changing  the  ambient  gases  between  high 
temperature  cycles,  multiple  thin  layers  of  different  composition  can  be  grown 
sequentially  without  removing  the  substrate  from  the  processing  chamber.  Such 
in-situ  processing  is  important  for  minimizing  chemical  and  particulate  contamination 
which  inevitably  occurs  during  wafer  handling  between  conventional  layer  growth 
steps. 

This  paper  describes  the  application  of  LRP  to  the  deposition  of  commensurate 
SiGe/Si  superiattices  with  ultrathin  SiGe  alloy  layers.  SiGe  alloy  layers  are  attractive 
because  they  have  a  bandgap  which  can  be  tailored  by  changing  the  Ge  composition 
[5],  can  be  grown  epitaxially  on  silicon  [6-8],  and  are  potentially  compatible  with 
current  silicon  processing  technology.  Molecular  beam  epitaxy  has  been  used  to 
fabricate  SiGe/Si  modulation-doped  field-effect  transistors  [9,10]  and  infrared 
detectors  [11].  Atmospheric  pressure  chemical  vapor  deposition  (CVD)  has  been 
used  to  deposit  SiGe/Si  superiattices  [8],  but  alloy  layers  thinner  than  30  nm  could  not 
be  grown.  LRP  superiattices  exhibit  superior  layer  thickness  control,  even  for  layers 
as  thin  as  15  nm. 


EXPERIMENTAL 

One  of  the  LRP  systems  used  to  grow  SiGe  superiattices  has  been  described 
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previously  [1].  A  new  chamber,  shown  in  Rgure  2,  was  constructed  with  W-halogen 
lamps  for  wafer  heating  and  a  low  pressure  Hg  arc  grid  lamp  for  in-situ  UV  light 
processing.  The  wafer  is  supported  on  three  quartz  pins  in  a  chamber  contructed  by 
sealing  a  water-cooled  stainless  steel  ring  between  two  quartz  plates.  Temperature 
calibration  is  performed  using  a  W/26%  Re  vs  W/5%  Re  thermocouple  which  is 
electron  beam  welded  to  the  center  of  a  test  wafer.  Epitaxial  films  are  deposited  on 
wafers  without  thermocouples  by  using  a  power  vs  time  program  for  a  desired 
temperature  vs  time  cycle. 

The  substrates  used  were  2.  3,  or  4  inch  diameter  (100)  silicon  wafers. 
Typically  the  wafers  are  given  a  wet  chemical  clean  prior  to  insertion  into  the  LRP 
chamber.  Next,  in  some  cases,  the  Si  wafer  is  given  an  in-situ  ozone  clean  using  a 
combination  of  oxygen  and  UV  light  [12-14].  An  example  of  the  effectiveness  of 
UV/ozone  cleaning  for  removing  residual  carbon  contamination  is  shown  in  Figure  3 
[15].  We  are  currently  investigating  the  effect  of  UV/ozone  cleaning  on  the  material 
and  electrical  properties  of  epitaxial  layers.  In  all  cases,  immediately  before 
deposition,  the  wafers  were  baked  in  H2  for  30-  120  seconds  at  1 150  - 1200  °C.  The 
temperature  necessary  for  this  hydrogen  bake  step  may  be  reduced  by  prior 
UV/ozone  cleaning  since  the  formation  of  SiC  could  be  prevented.  Oxide  alone  can 
be  removed  at  1000  °C  or  less  [16,17].  Lower  pre-bake  temperatures  result  in  less 
thermally  induced  defects  (e.g.,  slip),  less  thermal  exposure  of  the  substrate  or 
underlying  structures,  and  less  autodoping.  After  the  H2  bake  step,  the  wafer  is 
allowed  to  cool,  the  desired  reactant  gases  are  introduced,  and  then  the  film 
deposition  thermal  cycle  is  initiated  typically  within  60  seconds  of  the  H2  cleaning 

step.  Si  and  SiGe  films  were  deposited  at  900  °C  using  SiH4  and  GeH4  diluted  in  H2. 
Typical  deposition  pressures  were  2  -  4  Torr  using  total  flow  rates  from  1  -  3  Ipm. 


RESULTS 

First,  single  layers  of  SiGe  alloys  were  grown  for  material  characterization  and 
growth  calibration.  For  example,  a  film  grown  for  60  seconds  at  900  °C  and  a 
pressure  of  4.2  Torr  using  27  ccm  SiH4,  0.7  ccm  GeH4,  and  3  Ipm  H2  was  analyzed 
using  Rutherford  backscattering  (RBS)  and  sputtering  Auger  electron  spectroscopy 
(AES).  The  film  thickness  and  Ge  fraction  were  0.37  u  and  9%,  respectively.  The 
minimum  yield,  calculated  by  dividing  the  total  Ge  peak  channeling  yield  by  the  total 
random  yield,  was  5.5%,  indicating  good  crystal  quality  [18].  RBS  analysis  of  a 
number  of  samples  was  used  to  correlate  the  sputtering  AES  yield  with  Ge  mole 
fraction  in  the  thin  SiGe  alloy  layers. 

Commensurate  SiGe  strained-layer  superlattices  were  grown  in-situ  using 
multiple  LRP  cycles.  The  reactive  gas  composition  was  changed  while  the  wafer  was 
cool,  in  between  high  temperature  cycles.  Growth  interruption  was  typically  less  than 
60  seconds.  Figure  4  shows  AES  and  cross-section  transmission  electron 
microscopy  (JEM)  data  for  a  typical  superlattice  [19].  The  bright  field  TEM 
photograph  distinguishes  the  SiGe  and  Si  layers  as  dark  and  light,  respectively,  and 
indicate  that  the  growth  is  commensurate.  Plan  view  images  show  that  the 
dislocation  density  is  less  than  10®  cm'^. 


CONCLUSION 

In  summary,  we  demonstrate  that  LRP  can  produce  ultrathin,  high  quality  Si 
and  SiGe  epitaxial  layers  with  thickness  and  composition  control  comparable  to 
molecular  beam  epitaxy.  An  LRP  reactor  was  constructed  with  the  capability  for 
/n-s/tu  UV/ozone  processing  to  improve  surface  cleanliness.  Removal  of  residual 
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surface  contamination  is  especially  critical  for  heteroepitaxial  deposition.  Currently, 
wo  are  investigating  SiGe/Si  modulation  doped  structures  where  LRP  offers  a  key 
advantage:  the  ability  to  easily  achieve  high  active  dopant  concentrations  in  very 
confined  regions  [3].  Such  high  doping  levels  should  allow  high  conductance  in 
SiGe/Si  MODFET  structures.  In  addition,  we  are  also  investigating  the  use  of  SiGe 
alloys  layers  deposited  in-situ  prior  to  silicon  epitaxial  layers  to  create  a  gettering 
mechanism  [20]  and  improve  Si  growth  conditions  [21]. 
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Figure  1  Schematic  substrate  temperature  vs  time  profile  during  a  typical  LRP 
cycle.  Reactive  gases  are  introduced  while  the  wafer  is  cool,  and  then  the 
temperature  of  the  substrate  is  used  as  a  switch  to  start  and  stop  a  thermally  driven 
surface  reaction. 


Figure  2  Scale  sideview  of  LRP  chamber  showing  cutaway.  The  quartz  windows  are 
0.66  inches  thick  and  1 1  inches  in  diameter.  The  top  plate  is  synthetic  quartz  for  UV 
transmission.  Samples  may  be  loaded  through  the  rectangular  port  in  the  side  or  by 
opening  the  top  in  a  clam-shell  fashion.  19-6  kW  W-halogen  lamps,  0.5  inches 
apart,  are  used  for  the  bottom  lamp  array.  The  UV  source  is  an  1 1  x  1 1  inch  low 
pressure  Hg  grid  lamp. 
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Figure  3  Typical  Auger  spectra  for  silicon  wafers  cleaned  using  an  HF  dio  RCA  wet 
chemical  clean,  and  an  HF  dip  followed  by  an  ozone  clean.  Only  the  ozone  clean  is 
capable  of  removing  all  detectable  carbon  from  the  silicon  surface.  Ozone  cleanina 
was  performed  by  placing  the  wafer  in  pure  oxygen  within  2  mm  of  a  low  pressure  Hg 
gnd  lamp  for  60  seconds.  All  samples  were  inserted  into  the  Auger  chamber  within 
1 5  minutes  of  the  cleaning  procedure. 
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Figure  4  Sputtering  Auger  spectrum  and  cross-section  TEM  for  a  typical  Sig  gGeg  ^/Si 
superlattice  structure.  The  Auger  yield  was  calibrated  using  RBS  data  from  a  number 
of  single  alloy  layers  deposited  on  silicon.  The  TEM  shows  that  the  growth  is 
commensurate.  The  thinner  alloy  layers  are  15  nm  thick  and  appear  darker  in  the 
micrograph. 
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Growth  of  GeSi/Si  strained-layer  superlattices  using  limited  reaction 
processing 

C.  M.  Gronet.  C.  A.  King,  W.  Opyd,  and  J.  F.  Gibbons 

Stanford  i'niversity  EU'ctrontcs  Laboratories.  McCullough  226.  Stanford.  California  94305 

S.  D.  Wilson 

Charles  Evans  and  Associates.  San  .Mateo.  California  94402 
R.  Hull 

Hewlett-Packard  Laboratories.  3500  Deer  Creek  Road.  Palo  Alto.  California  94304 
( Received  24  June  I486;  accepted  for  publication  7  December  1986) 

SiGe/Si  superlattices  were  grown  using  limited  reaction  processing.  Each  multilayer  structure 
was  fabricated  in  situ  by  changing  the  gas  composition  between  high-temperature  cycles. 
Commensurate  SiGe  alloy  layers  as  thin  as  15  nm  were  reproducibly  deposited  and  were 
examined  using  transmission  electron  microscopy,  sputtering  Auger  electron  spectroscopy,  and 
Rutherford  backscattenng  Si/SiGe  interfaces  are  abrupt  to  within  a  few  monolayers, 
establishing  for  the  first  time  the  use  of  a  chemical  vapor  deposition  technique  to  fabncate 
abrupt  GeSi/Si-based  heterostructures 


In  previous  letters. we  introduced  limited  reaction 
processing  {  LRP)  as  a  new  technique  for  the  in-snu  fabrica¬ 
tion  of  multiple  thin  layers  of  semiconductors  and  insula¬ 
tors  The  key  to  LRP  is  precise  control  of  thermally  driven 
surface  reactions.  By  using  radiant  energy,  large  changes  in 
the  temperature  of  a  semiconductor  substrate  can  be  induced 
very  quickly,  yet  controllably.  Such  rapid  temperature 
changes  .are  used  in  an  LRP  cycle  as  a  “switch"  to  turn  a 
thermally  driven  surface  reaction  on  and  off 

rile  LRP  technique  has  three  significant  capabilities  or 
advantages  First,  since  the  substrate  is  hot  only  vluring  layer 
growth,  LRP  inherently  minimizes  the  thermal  exposure  of 

2407  J  Acpi  Pnys  61  (6)  15  Vlarcl  1987 


a  substrate,  reducing  the  broadening  of  interlaces  by  diffu¬ 
sion  and  intermixing.  Second.  LRP  allows  the  controlled 
growth  of  very  thin  layers.  The  accuracy  and  reproducibility 
of  substrate  temperature  versus  time  profiles  afforded  by 
lamp  heating  allows  excellent  control  of  the  extent  of  surface 
reactions.  Third,  LRP  facilitates  in-situ  processing.  By 
changing  the  ambient  gases  between  high-temperaturc  cy  ¬ 
cles,  multiple  thin  layers  of  different  composition  can  be 
grown  sequentially  without  removing  the  substrate  from  the 
processing  chamber.  Such  tn-siiu  processing  is  important  for 
minimizing  the  chemical  and  particulate  contamination 
which  inevitably  occurs  during  wafer  handling  between  con- 
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ventional  layer  growth  steps. 

This  communication  describes  the  application  of  LRP 
to  the  deposition  of  commensurate  SiGe/Si  superlattices 
with  ultathin  SiGe  alloy  layers.  SiGe  alloy  layers  are  attrac¬ 
tive  because  they  have  a  band  gap  which  can  be  tailored  by 
changing  the  Ge  composition,'  can  be  grown  epitaxially  on 
silicon.'^"  and  are  fairly  compatible  with  current  silicon  pro¬ 
cessing  technology.  Molecular-beam  epitaxy  has  been  used 
to  fabricate  SiGe/Si  modulation-doped  field-effect  transis¬ 
tors'’"’  and  infrared  detectors."  Atmospheric  pressure 
chemical  vapor  deposition  ( CVD )  has  been  used  to  deposit 
SiGe/Si  superlattices,''  but  alloy  layers  abrupt  to  better  than 
1 5  nm  could  not  be  grown  because  of  smeanng  or  mixing  at 
interfaces.  LRP  superlattices  exhibit  superior  layer  thick¬ 
ness  control  with  interfaces  sharp  to  within  a  few  mono- 
layers. 

The  LRP  systems  used  to  grow  the  SiGe  superlattices 
have  been  described  previously  *  '■  The  wafer  is  supported 
on  three  quart2  pins  in  a  chamber  contrueied  from  quart/ 
and  stainless  steel  The  radiant  source  is  a  bank  of  fi-kVV 
tungsten-halogen  lamps.  Temperature  calibration  is  per¬ 
formed  using  a  W/2t)G  Re  vs  W/5G  Re  thermocouple 
w  hich  IS  electron  beam  welded  to  the  center  of  a  test  wafer. 
Epitaxial  films  are  deposited  on  wafers  without  thermocou¬ 
ples  by  using  a  power  versus  time  program  to  produce  a 
desired  temperature  versus  time  cycle 

The  substrates  used  w  ere  2-,  3-,  or  4-in  -diam  (  1(X)  i  sili¬ 
con  wafers.  Typically  the  wafers  were  given  a  wet  chemical 
clean  prior  to  insertion  into  the  LRP  chamber  Immediately 
before  deposition,  the  wafers  were  baked  in  H  -  for  30-120  s 
at  1 150-1200  °C  to  create  a  clean  surface.  The  wafer  was 
cooled,  the  desired  reactant  gases  were  intrtiduced,  and  then 
the  film  deposition  thermal  cycle  was  initiated  typically 
within  60  s  of  the  H,  cleaning  step.  Si  and  SiGe  films  were 
deposited  at  900  °C  using  SiHj  and  GeH^  diluted  in  H-. 
Typical  deposition  pressures  were  2-4  Torr  using  total  flow 
rates  from  1-3  1pm 

First,  single  layers  of  SiGe  alloys  were  grow  n  for  materi¬ 
al  characterization  and  growth  calibration.  For  example,  a 
film  grown  for  60  s  at  900  °C  and  a  pressure  of  4.2  Torr  using 
27  seem  SiHj,  0.7  seem  GeHj,  and  3  1pm  H,  was  analyzed 
using  Rutherford  backscattenng  ( RBS )  and  sputtenng  Au¬ 
ger  electron  spectroscopy  ( AES ) .  The  film  thickness  and  Ge 
fraction  were  0.37  /am  and  respectively.  The  minimum 
yield,  calculated  by  dividing  the  total  Ge  peak  channeling 
yield  by  the  total  random  yield,  was  5.5%,  indicating  rela¬ 
tively  good  crystal  quality."  RBS  analysis  of  a  number  of 
samples  was  used  to  correlate  the  sputtering  AES  yield  with 
Ge  mole  fraction  in  the  thin  SiGe  alloy  layers. 

Commensurate  SiGe  strained-layer  supcrlattices  were 
grown  in  situ  using  multiple  LRP  cycles.  The  reactive  gas 
composition  was  changed  while  the  wafer  was  cool,  in 
between  high-temperature  cycles.  Growth  interruption  was 
typically  less  than  60  $.  Figures  1  and  2  show  AES  and  cross- 
section  transmission  electron  microscopy  ( TEM )  data  for 
typical  superlattices. "  The  alloy  layers  in  sample  284  [  Fig. 
1(a)  and  2(a)]  contain  10%  Ge,  while  the  alloy  layers  in 
sample  334  [Fig.  1(b)  and  2(b)]  contain  17%  Ge.  Layers 
with  higher  Ge  content  are  produced  by  simply  increasing 
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FIG  1  Sputtering  Auger  spectra  for  samples  2K4  and  334  shoeing  ntMiniur 
allov  layer  Ge  contents  of  and  I7<r,  respectiveh .  Note  that  the  Ge 
data  were  increased  hy  a  factor  of  3  for  sample  284  ( a )  and  a  factor  of  5  fv'r 
sample  334  ( b).  The  sputtenng  rate  was  reduced  to  achieve  a  depth  revolu¬ 
tion  of  approximately  6  nm  The  Auger  yield  was  calibrated  using  RBS  data 
from  a  number  of  thick,  single  alloy  layers  dep^isited  on  silicfm  (Charles 
Evans  and  AssiKiaies). 


FIG  2  Cross-section  TEM’sofsamples  284  (a)  and  334  (b)  showing  com¬ 
mensurate  growth  The  SiGe  layers  appear  darker  in  these  micrographs 
Flan  view  images  show  that  the  dislocation  density  is  less  than  10^  cm  ‘ 
(Hewlett-Packard  Labs) 
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FKi  ij'  High-resoluiion  tran'orniNMOn  electron  micrograph  lattice  »m- 
a^v  o!  part  I't  a  SiGe  Si  multilaser  structure.  <ol  1  >  pri'ieciion  i  h )  Micro- 
Jensitometer  trace  jcfi'ss  the  CieSi  la>er  indicatinii  that  the  SiOe  Si  inter- 
fJ^.e^  are  abrupt  to  \Mihin  apprv'\iniaiel>  20  A 


ihf  GeHj^SiHj  flow  raiio  during  growth  The  bright  field 
TEM  photographs  distinguish  the  SiGe  and  Si  lasers  as  dark 
and  light,  respectisely.  and  indicate  that  the  growth  is  com¬ 
mensurate.  Plan  Slew  images  show  that  the  dislocation  den¬ 
sity  IS  less  than  10'  cm  VCe  are  currently  in\estigating  the 
SiGe  alloy  layer  thickness  nonuniformity  apparent  in  sample 
3.'4  Such  nonuniformity  appears  to  be  indicatise  of  island 
grow  th  which  becomes  more  favorable  as  the  Ge  mole  frac¬ 
tion  and  the  deposition  temperature  are  increased. ' ' 

Figure  3  shows  a  highly  magnified  view  of  one  of  the 
Si,,uGe„  I  layers  in  sample  284.  Also  shown  is  a  densitom¬ 
eter  trace  which  provides  a  quantification  of  the  SiGe/Si 
interface  abruptness.  Although  the  interface  resolution  is 
limited  by  Fresnel  diffraction  effects,  the  transition  width 
appears  to  be  about  five  monolayers. 

In  summary,  we  demonstrate  for  the  first  time  that 
LRP,  a  CVD-related  technique,  can  produce  ultrathin,  high 
quality  Si  and  SiGe  epitaxial  layers  with  abrupt  interfaces. 
Compared  to  molecular-beam  epitaxy,  the  higher  growth 


temperatures  used  in  LRP  encourage  three-dimensional 
growth  for  high  Ge  compositions,  but  we  have  demonstrated 
abrupt  two-dimensional  growth  for  dilute  Ge  compositions 
in  the  regime  used  for  modulation-doped  field  effect  transis¬ 
tors. 
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Secondary  ion  mass  spectrometry  (SIMS)  is  used  to  quantify  the  abruptness  of  hyper-abrupt 
B-doping  profiles  in  epitaxial  silicon  grown  by  limited  reaction  processing  ( LRP).  By 
measuring  the  abruptness  of  dopant  profiles  as  a  function  of  SIMS  pnmary  beam  energy  and 
extrapolating  to  zero  energy,  doping  roll-off  decay  lengths  less  than  20  A  are  found  for  both 
the  trailing  and  leading  edges  of  LRP  structures  fabricated  at  900  °C.  Doping  abruptness  is 
limited  by  diffusional  broadening  during  subsequent  epitaxial  growth.  An  asymmetry  in 
leading  and  trailing  edges  of  doping  profiles  is  shown  to  be  a  SIMS  sputter  artifact,  and  the 
ratio  of  extracted  decay  lengths  at  these  interfaces  is  predicted  from  elementary  recoil  events. 

A  proportionality  is  found  between  sputter  broadening  of  the  doping  profile  and  Monte  Carlo 
calculations  of  dopant  recoil  depth. 


Recently,  advanced  epitaxial  silicon  processes  such  as 
limited  reaction  processing'*^  and  molecular  beam  epi- 
taxy'*'^  have  shown  a  potential  capability  to  grow  semicon¬ 
ductor  structures  with  unprecedented  control  of  doping  pro¬ 
files.  Next  generation  integrated  circuits,  including 
high-speed  bipolar  and  submicron  complementary  metal- 
oxide  semiconductor  (CMOS),  will  require  such  control  to 
grow  doped  structures  with  hyper-abrupt  profiles. 

While  advanced  epitaxy  shows  potential  for  the  fabrica¬ 
tion  of  very  abrupt  doping  profiles,  techniques  for  the  char¬ 
acterization  of  these  profiles  are  lacking.  Spreading  resis¬ 
tance  IS  limited  by  the  physical  extent  of  the  depletion  layer, 
and  is  useful  only  in  the  measurement  of  decay  lengths 
greater  than  about  100  A.  Similarly,  techniques  such  as  sec¬ 
ondary  ion  mass  spectrometry  (SIMS)  which  rely  upon 
sputtenng  by  high-energy  ions  suffer  a  loss  of  interfacial  in¬ 
formation  due  to  sample  intermixing.  The  recoil  processes 
induced  by  these  primary  ions  also  limit  depth  resolution  to 
A  =  100  A  or  more. 

A  number  of  researchers'^''*  have  investigated  the  limits 
of  SIMS  depth  resolution  both  experimentally  and  theoreti¬ 
cally.  Most  of  these  focused  on  depth  profiling  of  shallow 
implantation  profiles,  and  perturbation  of  projected  range 
and  range  straggling  due  to  sputter  recoil  phenomena.  In 
particular,  Schulz  era/. showed  that  beam-induced  broad¬ 
ening  can  be  reduced  by  performing  SIMS  measurements  at 
low  energies,  and  that  an  extrapolation  of  range  parameters 
to  zero  beam  energy  gives  a  good  approximation  to  expected 
values.  In  these  studies,  however,  it  is  very  difficult  to  sepa¬ 
rate  sputter-induced  broadening  from  intrinsic  range  strag¬ 
gling  of  the  shallow  implants  under  study.  Fc  a  better  un¬ 
derstanding  of  fundamental  limitations  of  sputter 
techniques,  more  abrupt  doping  profiles  are  desirable. 

T  iiis  letter  presents  a  SIMS  study  of  transition  widths  on 
silicon  epitaxial  structures  with  e.xiremely  sharp  doping  pro¬ 
files.  By  performing  depth  profiles  at  various  energies,  the 
sputter-induced  artifacts  of  the  SIMS  measurement  can  be 


accounted  for.  and  a  true  measure  of  interface  width  ob¬ 
tained. 

Limited  reaction  processing  uses  radiant  heating  to  pro¬ 
vide  rapid,  precise  changes  in  the  temperature  of  the  sub¬ 
strate  to  control  surface  reactions  and  epitaxial  growth.  Us¬ 
ing  this  technique  with  a  B-H^  source  gas.  square 
boron-doping  profiles  with  nominal  doping  concentrations 
between  10'*  and  10''*  cm  *  *  were  obtained  at  growth  tem¬ 
peratures  of  QOO  and  1(X)0’C  in  epitaxial  silicon  grown  on 
Si(  100)  substrates.  SIMS  depth  profiles  were  obtained  on  a 
custom-built  quadrupole  UHV  instrument,  using  an  .Ato- 
mika  duoplasmotron  oxygen  (O  *  )  ion  source  at  a  sputter 
angle  20°  from  the  normal.  To  eliminate  instrumental 
broadening  due  to  effects  other  than  recoil  intermixing,  sec¬ 
ondary  ions  were  collected  only  from  the  central  portion  of 
the  sputter  crater.  In  addition,  the  crater  bottom  topography 
was  measured  after  SIMS  profiling  with  a  Dektak  profilo- 
meter,  and  was  found  to  be  flat  within  the  resolution  of  the 
instrument  ( 20  .A  ). 

Figure  I  shows  representative  B  depth  profiles  obtained 
at  various  primary  beam  energies  for  the  limited  reaction 
processing  (LRP)  doping  profile  fabneated  at  900 °C.  The 
intended  structure  was  a  symmetrical  /?■* -doping  pulse  of 
500  A  thickness  at  a  doping  level  of  5  X  10"*  cm  '.with  the 
leading  interface  located  approximately  500  A  beneath  the 
surface.  Similar  profiles  were  obtained  for  the  doped  LRP 
structure  grown  at  1000  °C.  Doping  decay  lengths  extracted 
from  leading  and  trailing  edges  of  the  900  and  1000  °C  struc¬ 
tures  are  plotted  as  a  function  of  primary  beam  enersy  in 
Figs.  2(a)  and  2(b),  respectively,  demonstrating  that  recoil 
intermixing  decreases  with  decreasing  energy  for  both  inter¬ 
faces. 

The  linearity  of  the  doping  decay  length  versus  primary- 
beam  energy  suggests  that  recoil  intermixing  effects  might 
be  eliminated  by  an  extrapolation  to  zero  energy.  With  this 
e.xtrapolaiion.  the  leading  and  trailing  interfaces  of  the  LRP 
doping  pulse  grown  at  900  °C  as  shown  in  Fig.  2(a),  show  an 
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FIG  1  SIMS  depth  profiles  of  boron  doping  pulse  in  LRP  structure,  per¬ 
formed  at  various  primarv’  beam  energies.  LRP  growth  temperature  ^00  *C. 

actual  doping  decay  length  on  the  order  of  a  =  20  A.  indi¬ 
cating  an  almost  atomic  abruptness.  Doping  decay  lengths 
for  the  structure  grown  at  1000 °C,  shown  in  Fig.  2(b),  ex¬ 
trapolate  to  much  broader  sample  interfaces  of  /i  =  69  and 
94  A  for  leading  and  trailing  edges,  respectively.  It  is  signifi¬ 
cant  that  the  trailing  edge,  exposed  to  the  elevated  tempera¬ 
tures  for  a  longer  penod,  has  a  less  abrupt  doping  interface. 

..Assuming  a  random  walk  diffusion  of  B  in  Si  during 
LRP  growth,  given  the  diffusion  coefficient  for  B  in  Si'"  at 
900°C{£)  =  2x  10-'’cm-/s)  and  1000 ‘C  (D  =  2x  10“  '■* 
em’/s),  and  the  length  of  time  these  interfaces  are  exposed 
toepitaxial  growth  temperatures  (30and  60s,  respectively), 
one  can  calculate  an  expected  diffusion  length  for  leading 
and  trailing  interfaces.  Table  I  shows  a  comparison  of  calcu¬ 
lated  diffusion  lengths  with  measured  interface  decay 
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FIG  2  Doping  decay  Iciiglhs  lor  Icjdine  and  iraiiinc  cdccs  CMracIcd  iVom 
'^IMS  depth  proPtec  as  a  funciion  ot  ().  pnmar\  beam  enerey  lor  1  Kl’ 
'trus-iurcN  crownjiiji'^XJCjiiJih)  MXM'C 


TABLE  I  LRP  doping  interlace  abrupiness 


nOO'C  1(KX)*C 

Leading  Trailing  Leading  Trailing 

edge  edee  edge  edge 


Measured 
decay 
length  (/i) 

;o  A 

:o  A 

b9  A 

«4  A 

Calculated 
diffusion 
length  (Z)r)'  ' 

25  A 

J5  A 

so  A 

MO  A 

lengths  as  determined  by  the  energy-dependent  SIMS  mea¬ 
surements  described  above.  The  close  correspondence 
strongly  suggests  that  the  doping  abruptness  of  these  struc¬ 
tures  is  limited  by  diffusional  broadening  during  subsequent 
epitaxial  growth. 

Now  let  us  discuss  the  simple  linear  extrapolation  of  the 
decay  length  versus  primary  beam  energy.  The  sputter  ener¬ 
gy  dependence  of  interfacial  mixing  is  known  to  be  a  function 
of  the  energy  range  under  study,  the  sputtering  and  recoil 
atoms,  and  other  factors.’  “  In  the  most  elementary  model 
considering  only  primary  recoil  events,  the  energy  of  the 
recoil  atoms  will  be  proportional  to  the  primary  heam  ener¬ 
gy.  Primary  collisions  between  oxygen  atoms  and  dopant 
atoms  will  transfer  the  greatest  amount  of  energy.  These 
high-energy  recoil  atoms  will  be  implanted  furthest  beyond 
the  interface  and  thus  should  define  the  extent  of  sputter 
broadening  of  the  interface.  Calculations  based  on  the  Boltz¬ 
mann  transport  equation'®  suggest  that  recoil  decay  lengths 
should  be  proportional  to  recoil  energy.  The  linear  depend¬ 
ence  of  interface  width  on  primary  beam  energy  observed 
experimentally  in  this  and  other  systems''  '"*  may  thus  be 
justified.  A  linear  extrapolation  of  decay  length  for  the  data 
shown  in  Fig.  2  to  zero  energy  will  then  yield  the  true  sample 
interface  width  with  an  absence  of  sputter-induced  artifacts. 

The  sputter-induced  asymmetry  in  the  SIMS  profiles  of 
Fig.  1  can  be  understood  in  terms  of  the  elementary  recoil 
sputter  processes  at  each  interface.  Broadening  occurs  at  the 
trailing  interface  via  a  primary  sputter  event  in  which  an 
incident  oxygen  specie  impacts  a  single  boron  dopant  atom. 
The  efficient  energy  transfer  in  such  a  collision  results  in  a 
relatively  high  projected  range  for  the  boron  atom.  In  con¬ 
trast,  broadening  of  the  leading  edge  will  occur  primarily  by 
the  two-atom  recoil  process  in  which  an  incident  oxygen  ion 
sputters  a  silicon  atom  which  in  turn  causes  recoil  of  a  boron 
atom.  The  lower  energy  transfer  gives  a  shallower  projected 
range  and  a  sharper  leading  interface.  This  is  qualitativelv 
observed  in  the  SIMS  profiles  of  Fig.  I.  and  would  also  be 
expected  as  a  general  result  in  depth  profiling  of  hyper- 
abrupt  interfaces. 

In  fact,  one  can  obtain  a  quantitative  estimate  of  the 
relative  broadening  of  front  and  back  interfaces  from  these 
elementary  s''"::cr  events  by  comparing  the  aserage  energy 
imparted  to  i-«rc  ;  atoms  in  the  recoil  events  at  each  inter¬ 
face.  Using  a  simple  hard-sphere  model,  a  10-kV  oxygen  pri¬ 
mary  beam  will  impart  an  average  energy  of  0.95  kV'  to  a 
boron  recoil  atom  in  the  iw  atom  sputter  process  at  the 
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FIG  3  Monie  Carlo  calculations  of  projected  ranee  tor  recoil  implantation 
of  boron  atoms  from  hard-sphere  collisions  ss  ith  O  '  spottenne  species  at 
various  energies.  A  linear  relationship  is  found  between  these  implantation 
depths  and  expenmen  tally  determined  decav  lengths  from  SIMS  depth  pro¬ 
files  on  LRP  structure  fabncated  at  ^^00  *C 

leading  interface.  At  the  trailing  interface,  boron  recoil 
atoms  in  the  primary  sputter  esent  receive  an  average  energy 
of  2.4  kV.  Since  a  linear  relationship  has  been  predicted 
between  recoil  energy  and  decay  length,  we  e.xpect  a  decay 
length  ratio  of  2.4/0.95  =  2.53.  E.xperimenially.  the  actual 
decay  length  ratio  at  back  and  front  interfaces  for  the  more 
abrupt  900  °C  growth  structure  at  10  k\’  was  3.19. 

W'e  also  note  an  empirical  correspondence  between  the 
measured  recoil  decay  length  (/I)  and  the  projected  range 
(/?, )  for  boron  atoms  with  energies  given  by  the  hard- 
sphere  calculations  above.  For  each  incident  primary  beam 
energy,  the  average  energy  for  boron  recoil  species  was  de¬ 
termined  at  both  the  front  and  back  interfaces.  Monte  Carlo 
TRIM  simulations  of  the  implantation  process  were  then  per¬ 
formed  to  calculate  R^,  for  recoil  boron  atoms  in  each  case. 
Figure  3  shows  the  correspondence  between  calculated  R^. 
and  decay  lengths  {A  )  measured  for  the  900  °C  LRP  struc¬ 
ture.  For  both  leading  and  trailing  edges  it  appears  that  there 
is  a  linear  relationship  between  implantation  depth  and  de¬ 


cay  length  appro  .\  I  mated  by  /  r=  0  ~0  R  A  E  „  .  i.  w  here  £,,,, 
represents  the  average  energy  imparted  lo  the  boron  recoil 
atom. 

The  interface  mi.ving  model  presented  here  is  tremen¬ 
dously  simplified,  and  does  not  consider  cascade  mi.Mng. 
which  IS  believed  to  be  the  dominant  recoil  process  in  this 
energy  range."  However,  ihe  prediction  of  qualitative  fea¬ 
tures  of  interface  broadening  in  this  conte.xt  shows  that  some 
insight  into  the  limits  of  SIMS  depth  resolution  can  be  found 
by  considering  only  elementary  sputter  events. 

In  summary,  we  have  shown  that  advanced  epitaxial 
techniques  such  as  limited  reaction  processing  (LRP)  are 
capable  of  extremely  abrupt  doping  profiles.  Broader  inter¬ 
faces  were  obtained  at  higher  growth  temperatures,  and 
quantitative  agreement  between  extracted  decay  lengths  and 
calculated  diffusion  lengths  indicates  that  interface  abrupt¬ 
ness  IS  limited  by  dopant  diffusion  dunng  subsequent  epitax¬ 
ial  growth.  Primary  features  of  intert'ace  broadening  dunng 
SI.MS  depth  profiling  can  be  understood  by  considenng  the 
energy  transfer  to  dopant  atoms  at  abrupt  interlaces  in  ele¬ 
mentary  recoil  events.  The  limitations  imposed  on  the  mea¬ 
surement  of  very  abrupt  interfaces  by  recoil  intermixing  due 
to  the  SIMS  sputter  process  can  be  greatly  reduced  by  ener¬ 
gy-dependent  measurements. 
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Abstract 

Electrical  ])ropcrties  of  ni-.'titu  grown  p-n  junctions  formed  by  Limited  Reac¬ 
tion  Processing  are  investigated.  Forward  current  ideality  factors  of  1.01  ±  0.391 
were  obtained  over  a  larg<‘  ctirrent  range  extending  down  to  1  p.\.  Reverse  current 
densities  measured  3.5  ±  1.2  n.4/cm'  at  a  reverse  bias  of  -5  volts.  Breakdown  oc¬ 
curred  at  the  expect<'d  value  of  -22  V  and  displayed  a  very  sharp  current  rise  of 
30  decades/ volt.  Extrenady  uniform  light  emission  from  th(>  junction  was  ol)served 
und(>r  :i  inicroscoiie  at  breakdown:  this  ph('noin<‘non  is  a  visuti]  indication  that 
the  material  is  of  hit’ll  tpiality  and  suit;d)le  for  high  performanci'  minority  carrrier 
devices. 

Introduction 

The  growth  of  thin  si'iniconductor  layers  with  rapidly  varying  material  com¬ 
position  and  dojting  concentration  has  recently  been  the  basis  for  many  technologi¬ 
cal  developments  [T4].  The  abilii  \  io  j.»iodiue  rt’jrupt  changes  in  the  doping  profile 
has  several  advantages.  First,  it  allows  device  design  to  incorporate  fine  structure 
with  thin  doped  layers.  Such  layers  are  vital  for  certain  device  applications  such  as 
moflulation  doped  structures  and  bipohir  junction  transistors.  A  second  advantage 
of  abrupt  junctions  is  the  absimce  of  compensation  which  degrades  drift  mobility 
and  tluis  increases  Inilk  resistance.  This  resistance  may  be  especially  important, 
for  exarniile.  in  the  thin  base  of  a  bipohir  transistor.  Finally,  it  is  desirable  to  have 
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an  extremely  abrupt  emitter-base  junction.  It  imj)rovcs  the  injection  efficiency 
since  minority  carrier  charge  storage  in  the  emitter  is  suppressed. 

In  the  past  Limited  Reaction  Processing  (LRP)  has  been  used  to  demonstrate 
the  growth  of  thin,  abrupt  layers  [3.4. 3. 5],  and  p-n  junction  diodes  formed  by 
implantation  have  been  studied  [3.6].  In  this  paper,  the  properties  of  tn-sttu  grown 
p-n  junctions  are  to  be  examined  and  compared  with  implanted  devices. 

LRP  was  used  to  grow  epitaxial  silicon  p-n  junctions.  They  were  grown 
without  removing  the  wafer  from  the  growth  chamber.  These  junctions  were  formed 
by  growing  two  consecutive  layers  on  an  n-t-  substrate,  the  first  layer  being  doped 
n-type  and  the  second  layer  p-type.  The  ability  to  carry  out  this  procedure  in-situ 
ensures  clean  interfaces  since  they  are  never  exposed  during  subsequent  processing. 
The  risk  of  contaminating  sensitive  junctions  is  thereby  reduced.  This  reduced  risk 
will  increase  reproducibility  and  reliability  as  well  as  performance.  In-sihi  grown 
interfaces  will  improve  such  characteristics  as  reverse  leakage  current  and  reverse 
breakdown. 


Grown  junction  devices  display<‘d  excellent  forward  bias  characteristics  with 
idealit}'  factors  of  1 .01  ±0.3'/  over  seven  decades  of  current.  Reverse  leakage  current 
uensuies  lueasuieu  G.o  :r  1.2  <ii  a  reverse  bui.s  of  o  volts  imj.'lymg  that  the 

material  is  of  high  ([Uiility.  Extremedy  abrui)t  reverse  breakdowns  were  seen  at  the 
voltage  expected  for  ti  st<'p  junction  with  the  measuia'd  impurity  density  in  the 
lightly  dojK'd  side.  Uniform  light  emission  across  the  junction  was  also  obs('rv<>d  at 
breakdown  which  visuall}'  iiulicates  that  th<'  densit}-  of  electrically  active  defects 
and  metallic  impurities  is  very  snndl. 


Fabrication 

Layer  growth  of  the  devices  discussed  in  this  ptqjer  was  carried  out  in  ;i 
reaction  chamber  which  provides  radiant  heat  to  a  single  waft'r  and  uses  wafer 
temperature,  not  process  gas  flow,  as  a  switch  to  initiate  and  terminate  epitaxial 
growth.  The  apparatus  has  been  described  elsewhere  [3.1].  The  p-n  jtmetions  fab 
ricated  in  this  experiment  were  isolated  using  a  mesa  structure,  but  three  different 
methods  of  forming  the  junctions  were  utilized.  The  first  method,  type  A,  is  a 
grown  junction  where  both  n  and  p  type  layers  were  grown  epitaxially  ni-»itu  on 
an  n+  substrate.  Type  B  junctions  w'ere  formed  by  growing  a  lightly  doped  n  layer 
on  an  n±  substrate,  but  implanting  with  boron  and  BF2  to  form  the  top  p  layer. 
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Table  1 

Summary  of  device  structures  used  in  this  investigation. 


Sample 

Type 

n  layer 

p  layer 

A 

2/im  LRP  epi 

4  X  lO’”  cm-3 
.Arsenic 

0.5pm  LRP  epi 

7  X  10'"  cm"” 
Boron 

B 

2pm  LRP  epi 

3  X  10’”  cm-” 
-Arsenic 

Boron  and  BF2 
Implant 

C 

5-8  Q-  cm 
(100)  CZ  wafer 

Boron  and  BF2 
Implant 

Type  C  diodes  were  made  by  directly  im{)lanting  boron  and  BF2  into  a  o-S  cm 
(100)  n-type  wafer.  Three  successive  implants.  5  x  10’*  cm“^  at  45  Ke\’  with  BF_>  . 
Sx  10'^  cm”^  at  45  Ke\'  with  boron,  and  1  x  10'^  cm"^  at  100  KeV  with  boron  were 
used  to  achieve  a  relatively  flat  profile  of  the  same  doping  density  as  the  grown 
junction  devices.  Tahir  1  sutnmari/es  the  srnieriin' of  ihr  (Inn-  f;ept  ,>  r,f  drviee.>. 
Doping  d('nsities  and  flayer  thicknesses  W('r('  measur('d  using  sjnt'ading  resistance 
profiling  (SRP)  and  s<-cond;iry  ion  ma.ss  sp('ctroscopy  (SIMS). 


The  substratt's  used  for  the  type  .A  and  tyj)e  B  devices  wtna'  (lOOj  oriented 
and  doju'd  with  Sb  to  a  level  2  x  lO'"''  cm“'fl  These  wafers  were  givf-n  an  RC.A  cleiin 
and  HF  dip  immediately  ])rior  to  loading  into  the  growth  chamber.  .After  a  .30 
second  pre-clean  at  PdOO^C  and  250  torr  .  a  2  /an  n-typ('  layer  doix'd  to  a  le\'el 
of  4  X  10’*’  cm”’’  was  grown  using  SiCl2H2  as  the  Si  source  and  .AsH  ^  as  the  doj>ant 
source.  Total  chamber  growth  j)ressure  was  G  torr  wdth  O.S’X  SiCl>Hj  in  Hi  present. 
The  n-type  layer  was  grown  thick  enough  to  guarantee  that  tin'  cfl'pletiou  region 
at  breakdown  would  be  fully  contained  wnthin  the  epitaxial  layer.  The  growth  rtUe 
of  this  layer  w'as  0.25  //m/minute  at  a  growth  temperature  of  abovit  1000°C.  For 
type  A  devices,  a  second  layer  growth  was  executed.  U])on  comj)letion  of  growth 
of  the  first  layer,  the  AsHs  w'as  switched  off  and  a  flow  of  B^H,-,  sufficient  to  obtain 
a  p-type  doping  density  of  approximately  7  x  10’"  cm"'’  was  established.  Three 
minutes  after  termination  of  the  n-type  layer  epitaxy,  a  0.5  pin  ii-tyjie  layer  growth 
commenced  at  900°C  and  1000°C  using  the  same  conditions  as  stated  abov('.  The 
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doping  densities  of  these  layers  are  suitable  for  the  base-collector  junction  of  a 
bipolar  transistor. 

Once  the  epitaxial  growth  was  complete,  the  wafers  were  giv'en  an  RCA  clean 
and  loaded  into  a  strindard  LPCVD  furnace  for  deposition  of  900  A  of  SiaN^  at 
780®C.  Since  the  mask  contained  a  variety  of  rectangular  patterns,  the  wafers  were 
patterned  such  that  the  mesa  sidewalls  of  all  the  devices  would  be  oriented  in  a 
[100]-type  direction  so  2is  to  minimize  the  effects  of  the  perimeter  leaJcage  on  device 
cheiracteristics  [3.7].  The  nitride  was  patterned  using  an  SFe  and  CF:iBr  plasma. 
The  nitride  layer  then  served  as  a  mask  for  the  mesa  etching  of  the  underlying  epi 
layers.  A  4M  solution  of  KOH  at  60°C  was  used  to  etch  the  silicon.  The  wafers  were 
cleaned  once  again  and  thermcJly  oxidized  at  900°C  for  25  minutes  and  annealed 
in  argon  for  15  minutes  at  900°C  to  passi\'ate  the  mesa  sidewalls  and  acti\-ate  the 
implanted  dopant  in  the  control  wafers.  The  nitride  Wcis  then  stripped  and  2000  A 
of  Ti  and  1  pm  of  Al-1%  Si  was  sputtered  to  form  an  ohmic  contact  to  the  p  layer. 
After  patterning  the  metal,  the  samples  were  annealed  at  400°C  for  10  minutes  in 
forming  gas. 


Results 

The  forward  characteristics  of  three  type  A  grown  junction  devices  with  differ¬ 
ent  areas  are  shown  in  Figure  1.  .An  HP-4145  Semiconductor  Parameter  .Analyzer 
was  used  for  all  DC  measurements.  The  slopes  of  the  forward  curves  have  ideality 
factors  of  1.01  ±0.39(  and  the  saturation  current  of  each  device  varies  precisely  with 
area.  This  dependence  on  area  suggests  that  the  sidewalls  play  an  insignificant  role 
in  device  operation.  The  forward  current  characteristic  remains  ideal  from  very 
low  currents  to  levels  where  bulk  and  contact  resistances  dominate.  This  range  of 
ideal  behavior  spans  nearly  eight  orders  of  magnitude,  and  is  an  indication  that 
space  charge  recombination  currents  are  negligible.  On  the  other  hand,  ideality 
factors  for  type  B  devices  were  1.02  ±  0.4%  and  type  C  diodes  exhibited  factors  of 
1.05  ±  1.3%.  These  higher  ideality  factors  are  probably  a  product  of  the  annealing 
process  used  here.  The  temperature  and  time  of  the  anneal  was  chosen  in  order  to 
minimize  interdiffusion  in  the  grown  junction  and  yet  still  passivate  the  sidewalls. 
For  the  thermal  cycling  given  here,  these  results  suggest  that  the  clean  interface 
provided  by  the  grown  junction  is  superior  to  that  obtained  by  implantation. 
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Figvire  1.  Forward  characteristics  of  three  grown  junction  diodes.  Diode  areas 
are  (a)  4.0  x  10“^  cm^  (b)  4.0  x  10"“*  cm^,  and  (c)  2.5  x  10"^  cm^.  The 
device  structure  is  shown  in  the  inset. 


Figure  2.  Reverse  cliaracteristic  of  a  square  diode  with  current  plotted  on  a 
log  scale.  The  area  of  the  diode  is  1.0  x  lO""*  cni^,  and  the  breakdown 
voltage  is  the  expected  -22.3  volts. 


The  reverse  current  characteristic  of  a  grown  junction  device  is  illustrated  in 
Figure  2.  Small  leakage  currents  below  the  sensitivity  of  the  HP-4145  exist  at  low 
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reverse  bias,  and  at  breakdown  the  device  achieves  a  sharp  transit icjii  to  avalanche 
mode  operation.  Reverse  current  densities  of  3.5  ±  1.2  nA/cm^  were  obtained  at  a 
reverse  bias  of  -5  V  for  these  devices  after  measuring  several  diodes  of  different  area 
on  the  same  die.  Device  area  varied  from  1.6  x  10“'’  cm^  to  4  x  10“^  cm^.  These 
current  densities  compare  favorably  with  other  recent  data  presented  for  diffused 
diodes  [3. 8,3. 9].  In  the  same  manner,  reverse  current  densities  for  type  B  devices 
measured  4.4  ±  0.1  nA/cm^  while  those  of  type  C  diodes  were  5.2  ±  0.7  nA/cm^  at 
-5  V  reverse  bias.  TjTJe  A  devices  with  a  p  layer  grown  at  OOG^C  were  identical  to 
those  grown  at  1000°C. 

Breakdown  in  type  A  devices  occurred  at  the  expected  value  of  approximately 
-22  for  a  doping  density  of  4  x  10'®  cm“^  in  the  n-type  side  [3.7].  The  sharpness 
of  the  current  rise  at  breakdown,  like  the  ideality  factor  in  the  forward  bias  region, 
is  an  indication  of  junction  quality.  In  the  breakdown  region,  the  type  .4  grown 
junction  devices  exhibit  current  rises  of  26  to  30  decades/volt  before  series  resis¬ 
tance  effects  become  important.  Thi.s  value  agree.s  well  with  silicon  devices  in  the 
literature  which  showed  excellent  breakdown  characteristics  [3.10.3.11].  Type  B 
device's,  however,  displayed  current  rises  of  11  to  15  d('cades/volt.  Visual  evidence 
,){  »'Vf'»'ptional  lireakdown  behavior  in  the  tyt)e  .4  grown  junctions  was  observed 
through  a  microscope  by  biasinc;  a  device  at  a  curre'iit  density  on  the  order  of  10 
.4/ciu'.  This  bias  is  siifhci-  nt  to  cause  the  silicoii  to  he'ai  up  and  glow  in  regions 
when'  breakdown  is  occurring.  Extremely  uniform  light  generation  .(cross  the  de¬ 
vice  was  noted  as  can  be  seen  in  the  photograph  of  Figure  3.  Deh'cts  or  mettillic 
imi)urities  within  the  epitaxiid  htyc'r  will  produd'  relatively  sjiarsely  distributed 
’hot  spots’  around  the  junction.  These  ‘hot  sjiots'  tire  delinitc-ly  not  ('\  ident  in  the 
idiotograph  of  Figuix'  3.  Since  the  light  intensity  emerging  from  the  de\-ice  is  so 
we.'ik.  a  very  long  exposure  time  of  8  hours  was  retjuired  for  the  photogra])h.  and 
the  true  ntiture  of  the  light  uniformity  is  not  ctipturetl.  Even  so.  a  uniform  density 
of  breakdown  regions  is  clearly  aj)parent  ancl  indicative  of  i(  high  (lutdity  jtmetion. 

Conclusion 

Mesii  j)-n  junction  diodes  grown  in-miu  using  Limited  R(';(ction  Processing 
were  fabricated  and  examined.  Ideality  factors  c'f  1.01  ±  0.3'X  wt'ie  obtttined  for 
the  grown  junction  device.s  while  control  devices  utilizing  a  l)oron  imi)lant  to  form 
the  junction  had  inferior  factors  of  1.02  ±  0.4%  and  1.05  ±  1 .3'X .  Similarly.  r('veise 
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Figure  3.  Plu)tograj)li  of  a  reverse  bias  diode  with  ar(>a  2.25  x  lO"'  cnr.  The 
<lark  ai<'a  in  tlie  center  is  the  metal  contact. 

leakage  currents  for  growti  juuctirui  Hiodes  .'it  5  \  bitts  \\<'te  3.5  ±  1.2  iiA/ciiT 
while  the  controls  showed  current  densities  of  4.4  ±  0.1  uA/cin"  and  5.2  ±  0.7 
n.A/cnr'.  Breakdowns  were  sharp  for  the  grown  junction  at  the  ex])(>ct('(l  revt'ise 
Noltase  of  -22  \'.  Giajwn  junction  devices  exibifed  ti  30  deca(le/\()]t  current  swing 
onct'  t)re;ikdown  occurred.  Uniform  light  emission  from  tlu'  device's  jtrovided  visual 
confirnnttion  of  the  e'Xcellent  breakdown  performance.  From  these'  exjx'riiiK'iits.  it 
is  a])i);irenf  that  excellent  minority  carrier  de'vices  ctui  be  ftdericate'd  from  grown 
junctions  formed  by  LRP. 
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ABSTRACT 

This  study  is  concerned  with  the  fundamental  limitations  imposed  by  cascade  mixing 
and  recoil  implantation  on  the  depth  resolution  of  secondary  ion  mass  spectrometry 
(SIMS),  and  the  effects  of  these  limitations  on  the  determination  of  impurity  profiles  in 
semiconductors. 

We  present  experimental  results  of  measurements  on  atomically,  or  near  atomically 
abrupt  impurity  profiles  in  Si  using  magnetic  sector  (Cameca)  and  quadrupole  (Atomica) 
SIMS  machines.  The  analysis  conditions  and  samples  have  been  chosen  to  minimize 
instrument  (crater  wall  resputtering)  and  surface  (equilibration  time)  effects.  Under 
such  conditions  the  leading  edge  of  an  abrupt  signal  is  smeared  to  a  complimentary' 
error  function,  while  the  trailing  edge  exhibits  an  exponential  decay  reminiscent  of  recoil 
implantation  profiles. 

Modifications  of  the  Boltzmann  Transport  Equation  (BTE)  approach  to  ion  implan¬ 
tation  in  multilayer  targets  will  be  shown  to  provide  a  first  principles  calculation  of  such 
SIMS  knock-on  phenomena,  which  is  in  good  agreement  with  the  empirical  results. 

INTRODUCTION 


Modern  semiconductor  device  process  monitoring  places  high  demands  on  materi¬ 
als  characterization  techniques  in  terms  of  both  depth  resolution  and  dynamic  range. 
Because  of  its  high  sensitivity,  secondary  ion  mass  spectrometry  (SIMS)  is  often  the 
technique  of  choice  for  chemical  depth  profiling  of  dopants  in  semiconductors  Trends  in 
device  processing  require  the  analysis  of  shallower,  more  abrupt  impurity  profiles,  which 
have  already  exceeded  the  depth  resolution  of  conventional  SIMS.  Hence,  it  is  of  interest 
to  better  understand  and  characterize  the  depth  resolution,  in  order  to  minimize  the 
undesirable  effects,  with  the  eventual  hope  of  deconvolving  the  system  resolution  from 
SIMS  data. 

Like  all  techniques  which  employ  sputtering,  SIMS  analysis  is  subject  to  ion  beam 
mixing  effects.  An  excellent  review  of  beam-induced  broadening  effects  in  sputter  depth 
profiling  is  given  by  Wittmack  in  [Ij,  who  notes  that  ‘dilute  systems’  (i.e.  impurities 
in  semiconductors)  are  desirable  for  studying  atomic  mixing  processes  as  they  avoid  the 
complications  associated  with  large  composition  changes  at  interfaces.  Schulz  et  al.  [2], 
and  Shepherd  and  co-workers[3)  have  studied  the  shape  of  low  energy  B  and  As  implants 
in  Si  as  obtained  by  SIMS  with  Ar"*”  and  Oj  bombardment.  For  Ar"*"  primary  ions,  an 
explicit  exponential  tail  is  evident  on  B  profiles,  with  a  decay  length  Xg  proportional  to 
the  Ar"*"  energy. 

Vandervorst,  et  al.  [4]  have  made  detailed  studies  on  very  low  energy  As  implants 
into  pre-amorphized  Si  and  Si02  using  Ar'*'  and  ions.  For  bombardment,  these 
authors  find  a  linear  dependence  of  on  Eo  ^  2  KeV  per  atom.  Above  this 

energy,  they  find  w  Eq'^.  Under  Ar'*'  bombardment,  it  appears  that  A^,  ?5s  E^^  , 
which  they  note  is  close  to  the  square  root  energy  depe.'idence  predicted  by  calculations 
of  collisional  mixing  [Sj. 

The  theory  of  sputtering  has  been  treated  by  Sigmund  [61,  and  collisional  mixing 
is  described  by  Sigmund  and  Gras-Marti  (7,8).  Simple  cascade  mixing  calculations  of 
Anderson  (5)  predict  a  symmetrical  smearing  out  of  sputter  profiles,  characterized  by 
a  standard  deviation  tr  which  depends  upon  the  primary  ion  energy,  mass,  and  the 
substrate  mass.  Monte  Carlo  calculations  (9),  and  full-blown  transport  theoretical  treat¬ 
ments  (10,1 1|  predict  assymetrical  distortion  of  sputter  profiles,  and  exponential  tails. 

This  work  is  not  concerned  with  instrument  or  special  sample  effects.  We  present 
experimental  examples  of  beam  mixing  effects  on  impurity  profiles  of  As,  B,  and  Sb  in 
Si  under  ‘typical’  SIMS  profiling  conditions.  The  original  motivation  for  this  work  was 
to  investigate  the  effects  of  limitations  in  SIMS  depth  resolution  on  the  measured  shape 
of  doping  profiles  produced  by  high  concentration  As"*"  implantation  into  Si,  followed 
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by  rapid  thermal  einnealing  (RTA).  During  the  short  time,  high  temperature  annealing 
cycle,  the  concentration  dependence  of  the  As  diffusivity  produces  a  box-shaped  depth 
profile  with  an  abrupt  junction.  The  SIMS  profiles  of  these  RTA  samples  are  compared 
to  those  of  samples  prepared  by  molecular  beam  deposition  (MBD),  which  is  known  to 
produce  impurity  transition  regions  on  a  monolayer  scale. 

In  addition,  the  Boltzmann  transport  equation  calculations  [12]  ascd  for  ion  implan¬ 
tation  simulation  have  been  enhanced  to  model  recoil  implantation  effects  for  the  SIMS 
case,  and  results  of  these  calculations  will  be  described. 

EXPERIMENTS 

Several  types  of  samples  were  used  in  this  study.  Boron  doped,  5  to  10  D  — cm, (100)  Si 
wafers  were  implanted  at  room  temperature  with  SO  KeV  As"^  to  a  dose  of  8  x  10'®  cm~^. 
Samples  were  then  rapid  thermal  annealed  for  10  to  15  seconds  at  temperatures  ranging 
from  1050  to  1200  °C  to  regrow  the  amorphous  layer  and  diffuse  the  As.  For  the  reference 
samples,  the  molecular  beam  deposition  of  doped  and  undoped  Si  was  performed  at  room 
temperature,  resulting  in  an  amorphous  layer.  Some  of  the  samples  were  then  annealed  at 
700  °C  for  30  minutes,  producing  polycrystalline  Si.  SIMS  analysis  showed  no  difference 
between  the  depth  profiles  of  as-deposited  and  annealed  MBD  layers.  A  third  set  of 
samples  was  produced  by  limited  reaction  processing  (LRP),  a  chemical  vapor  technique 
which  uses  tungsten  lamps  for  rapid  substrate  heating  [13],  thereby  minimizing  dopant 
diffusion.  Epitaxial  Si  layers  with  a  constant  B  concentration  were  grown  on  lightly- 
doped  p-type  substrates.  Thin,  alternating  layers  of  and  undoped  layers  were  also 
grown  by  this  technique.  These  samples  provide  a  good  test  of  SIXIS  depth  resolution 
and  dynamic  range,  as  B  can  be  incorporated  into  the  Si  at  concentrations  much  higher 
than  obtained  in  MBE  (up  to  1  x  10^^  cm~^). 

All  of  the  samples  in  this  study  were  analyzed  on  a  Cameca  IMS-3f  using  15  KeV 
Cs"''  primary  ions,  and  negative  secondaries.  Typical  primary  beam  currents  were  in  the 
range  of  .8  to  6  pA  rastered  over  a  500  x  500  pm?  area,  resulting  in  sputtering  rates  of  5 
to  30  A/second.  Standard  techniques  (e.g.  a  field  aperture  for  crater  edge  rejection)  are 
used  to  minimize  instrumental  efiects  on  the  depth  resolution  without  undue  sacrifice  in 
sensitivity  and  dynamic  range.  On  this  macliinc,  the  angle  of  the  primary  column  with 
respect  to  the  sample  normal  is  nominally  35°,  but  for  Cs"*"  bombardment  with  negative 
secondary  ions,  the  secondary  extraction  optics  bend  the  primary  beam  as  it  approaches 
the  sample,  so  that  in  practice  the  beam  angle  is  closer  to  normal  incidence. 

The  B  doped  samples  were  also  profiled  with  a  5  KeV  beam  on  the  Cameca  ion 
microscope  using  positive  secondary  ions.  In  this  case,  the  primary  beam  bends  away 
from  the  sample  normal,  resulting  in  an  incidence  angle  of  about  45°.  Typical  sputtering 
rates  were  5  to  10  A/second. 

A  quadrupole  mass  analyzing  machine  (Atomica)  was  used  to  profile  the  As  samples 
at  a  lower  energy,  employing  6  KeV  O^,  at  a  current  of  .1  pA  scanned  over  a  400  x  400 
pm^  area.  The  resulting  sputter  rate  was  .5  A/second.  The  beam  strikes  the  sample 
at  two  degrees  from  the  normal.  The  molecular  interference  signal  due  to  ^^Si^'^Si'^0 
limits  the  ultimate  SIMS  sensitivity  in  the  case  of  ^®As  in  both  the  Cameca  and  Atomica 
machines,  and  is  suppressed  by  offsetting  the  sample  voltage  during  As  anaysis. 

In  all  cases,  sputtering  rates  were  determined  from  crater  depths  measured  on  a 
Dektak  stylus  meter.  To  reduce  uncertainties  associated  with  SIMS  quantitation  er¬ 
rors,  we  have  normalized  all  the  As  SIMS  data  to  the  dose  as  measured  by  Rutherford 
backscattering  (RBS),  which  should  be  accurate  to  within  15  %. 

Figure  1  depicts  the  SIMS  response  to  the  leading  edge  of  an  atomically  abrupt 
doping  transition  for  15  KeV  Cs"*"  bombardment.  The  sample  in  figure  1(A)  is  a  3300 
A  molecular  beam  deposited  Si  layer.  During  the  deposition  of  the  first  2300  A  ,  the  B 
shutter  was  open,  resulting  in  a  layer  with  w  7  X  10‘®  cm~^  doping  concentration.  The 
B  shutter  was  closed  for  the  last  1000  A  of  deposition,  producing  an  abrupt  transition 
at  a  depth  of  1000  A.  Figure  1(B)  shows  a  SIMS  profile  for  an  undoped,  5200  A  MBE 
layer  on  an  Sb-doped  Si  substrate. 


Figure  lA;  SIMS  response  to  the  leading  Figure  IB:  SIMS  profile  of  the  interface 

edge  of  an  abrupt  B  doping  transition.  between  an  undoped  MBE  layer  and  an 

The  solid  line  is  the  convolution  of  a  step  Sb-doped  Si  substrate, 

function  with  a  gaussian  with  half  width 
equal  to  60  angstroms. 

Both  profiles  can  be  fit  to  error  funcions  (shown  by  the  solid  lines)  with  convolving 
gaussians  of  standard  deviation  <t  ss  GO  A,  corresponding  to  the  symmetrical  (e.g.  cascade 
mixing)  component  of  the  sputtering  distortion.  For  these  SIMS  conditions,  the  depth 
resolution  measured  on  a  leading  edge  is  roughly  the  same  for  B  and  Sb  in  Si,  and  is 
independent  of  the  sputtered  depth,  in  the  range  of  1000  to  6000  A. 

Figure  2  compares  As  depth  profiles  of  a  molecular  beam  uepositou  .ns  doped  layer 
with  an  ion  implanted  and  rapid  thermally  annealed  sample.  The  data  in  figure  2(A)  was 
obtained  with  15  KeV  Cs"*"  bombardment.  Both  profiles  exhibit  exponential  tails  over  2.5 
to  3  decades,  with  decay  lengths  of  105  A.  Clearly,  the  shape  of  the  RTA  As  profile 
beyond  1700  A  is  obscured  by  the  beam-induced  distortion  during  the  SIMS  analysis. 
For  comparison,  figure  2(B)  shows  SIMS  profiles  of  the  same  samples  obtained  with  6 
KeV  primary  ions  on  the  Atomica  machine.  Although  the  background  is  higher  by 
almost  an  order  of  magnitude  in  this  case,  the  exponential  tails  fall  off  slightly  faster, 
with  decay  lengths  of  89  and  82  A.  This  is  consistent  with  the  fact  that  the  calculated 
range  [14]  of  3  KeV  is  90  A,  while  that  of  15  KeV  Cs"*"  is  15S  A.  It  is  also  consistent 
with  Vandervorst’s  [4]  value  of  «  105  A  for  in  Si02  under  6  KeV  OJ  bombardment, 
since  he  observed  that  the  decay  lengtlis  in  oxide  were  slightly  higher  than  those  in  Si. 

The  gain  in  depth  resolution  obtained  for  B  in  Si  on  the  Cameca  machine  as  a  result 
of  switching  from  15  KeV  Cs"^  to  5  KeV  O2  primary  ions  is  evident  from  figure  3. 
This  sample  was  grown  by  LRP.  Although  the  Cs'*'  SIMS  profile  has  slightly  better 
dynamic  range,  the  shape  of  the  B  pulses  is  almost  completely  obscured  by  the  beam 
mixing  effects.  The  trailing  exponential  decav  lenghs  on  tile  pulse  centered  at  a  depth 
of  2000  A  are  134  and  65  A  under  Cs"^  and  OJ  bombardment  respectively.  Note  that 
for  Cs'*’  bombardment,  the  broadening  is  much  more  assymetrical  than  for  the  case  of 

primaries. 

BOLTZMANN  TRANSPORT  CALCULATIONS 

The  BTE  method  has  been  successfully  applied  to  the  calculation  of  primary  ion  and 
recoil  range  distributions  in  a  variety  of  ion  implantation  problems  [12,15].  A  pertinant 
example  is  the  calculation  of  the  profile  and  yield  for  oxygen  atoms  recoil  implanted  into 
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Pupcr  1(1 


A:  Cesium  sputtering  (Cameca).  B:  Oxygen  sputtering  (Atomica). 


gure  2:  SIMS  profiles  for  an  atomically  abru[)t  junction  produced  by  molecular  beam 
position,  and  an  As  implanted/ IITA  sample. 


A:  Cesium  sputtering. 


B;  Oxygen  sputtering. 


Figure  3:  Comparison  of  boron  profiles  in  Si  grown  by  LIIP,  obtained  in  the  Cameca 
machine  with  two  different  primary  beams.  The  superior  depth  resolution  obtained 
with  O  primaries  reveals  some  outdiffusion  in  the  deeper  peak  during  the  growth  of  the 
overlying  layers. 


47 


Figure  4;  Comparison  of  calculated  pro¬ 
files  with  meaisured  SIMS  data  for  sput¬ 
tering  through  a  200  A  MBE  layer  doped 
with  As  to  1  X  10‘°  cm'^.  The  actual  layer 
thickness  is  1000  A,  but  the  data  is  shown 
shifted  to  200  A  for  comparison  to  the  cal¬ 
culated  profile.  The  solid  line  (C)  is  the 
result  of  convolving  the  BTE  calculated 
recoil  profile  (B)  with  a  mixing  gaussian 
of  half  width  equal  to  60  A. 
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the  underlying  substrate  during  an  implant  (of  As,  for  instance)  into  a  thin  layer  of  Si02 
on  Si  [16].  Since  the  details  of  such  calculations  have  been  described  elsewhere,  only  a 
brief  description  is  given  here. 

In  this  method,  the  evolution  of  the  ion  momentum  distribution  F{E.  0,  c)  is  given  by 
the  Boltzmann  transport  equation  in  terms  of  the  differential  scattering  cross  sections. 
In  practice,  a  computer  program  keeps  track  of  how  the  distribution  changes  for  each 
ion  type  (primary  and  recoils)  as  a  function  of  depth,  given  the  initial  condition  in  which 
all  the  primary  ions  are  at  the  surface,  moving  with  the  energy  Eq. 

The  calculations  may  be  extended  to  the  sputtering  case  by  explicitly  including  the 
sputtering  process  as  follows.  Suppose  that  a  total  dose  (i>  of  primary  ions  is  required 
to  sputter  a  sample  to  a  depth  t.  Conceptually,  this  situation  may  be  considered  as  a 
series  of  n  low  energy  implants,  each  of  dose  ^  into  a  fresh  surface  of  a  sample  whose 
composition  has  already  been  altered  by  the  previous  implant.  In  practice,  the  entire 
ralciilntinn  is  not  repeated  n  times,  but  the  ‘ffech  surface’  is  sii.nulatcd  by  .keeping  the 
beam  energy  fixed  during  the  sputtering  process,  and  adding  new  primary  ions  to  the 
appropriate  momentum  distribution  according  to  the  dose  rate  per  angstrom  sputtered 
(measured  empirically). 

In  a  standard  BTE  implant  calculation  the  target  may  consist  of  a  series  of  layers 
of  fixed,  uniform  composition.  For  the  SIMS  case,  we  are  interested  in  recoils  from  a 
dopant  profile  contained  in  a  background  material.  As  the  calculation  proceeds,  dopant 
atoms  left  behind  are  considered  sputtered  and  collected  by  the  SIMS  system.  Other 
dopant  atoms  will  be  recoiled  further  into  the  target.  The  code  was  modified  to  include 
the  recoiled  dopant  ions  into  the  target  description  so  that  they  may  become  candidates 
for  recoil  again  as  the  sputtering  beam  moves  by.  Stopped  atoms  from  the  primary'  beam 
are  also  treated  as  part  of  the  target  to  model  the  changes  in  composition  resulting  from 
the  large  sputtering  doses.  Care  must  be  taken  in  updating  the  target  composition  since 
time  has  already  been  integrated  out  in  this  formulation  of  the  transport  equation.  For 
the  SIMS  calculations  however,  the  target  is  continually  being  depleted  of  dopant  atoms 
and  accumulating  primary  ions.  Predictions  of  the  number  of  displaced  atoms  based 
upon  a  static  target  will  overestimate  tlie  number  of  recoils.  An  algorithm  based  upon 
a  statistical  argument  is  used  to  limit  the  number  of  recoils  generated  in  a  given  layer 
to  ((i)  *  {max))/{x  +  max)  for  x  attempts  to  displace  atoms  from  ‘max’  sites. 

Figure  4  compares  the  calculated  and  measured  SIMS  profiles  for  15  KeV  Cs'*'  sput¬ 
tering  through  the  As  MBE  layer  showm  in  figure  2(A').  A  problem  in  dealing  with  the 
recoil  ion  distributions  arises  because  of  the  energy  resolution  of  the  energy-angle  matrix, 
since  a  recoil  generated  with  energy  less  than  the  energy  resolution  can  not  be  followed. 
In  recoil  calculations  during  an  ion  implant  through  a  surface  layer,  a  correction  to  ac¬ 
count  for  these  cascade  recoils  is  applied  near  the  interface.  This  is  not  satisfactory  for 
sputtering  calculations  because  it  does  not  allow  for  multiple  recoils  of  these  low  energy 
ions.  For  a  15  KeV  primary  beam,  the  energy  resolution  is  1  KeV,  so  that  many  low 
energy  recoils  will  be  neglected,  resulting  in  a  shorter  As  profile  decay  length  (curve  A). 
This  situation  is  corrected  for  in  the  algorithm  which  limits  recoil  generation  described 
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above  by  removing  recoils  moving  at  large  angles  with  respect  to  the  beam  direction 
in  preference  to  low  angle  recoils.  The  result  is  the  curve  labeled  B.  Finally,  the  BTE 
calculated  profile  (B)  is  convolved  with  the  mixing  gaussian  with  a  =  CO  A.  The  result, 
indicated  as  curve  C  in  the  figure,  shows  very  good  agreement  with  the  measured  decay 
length  of  =  105  A. 

Calculations  have  aLso  been  performed  for  Cs"^  on  B  in  Si.  Using  the  same  calculation 
parameters  as  for  the  As  case,  the  predicted  decay  length  of  the  simulated  SIMS  profile 
is  close  to  the  measured  value  of  Ar  =  130  A.  BTE  calculations  for  6  KeV  Oj  sputtering 
do  not  have  the  energy  resolution  problems  found  in  the  15  KeV  Cs"*"  case,  so  that  no 
corrections  need  to  be  made  in  the  handling  of  high  angle  recoil  generation.  Reasonable 
agreement  is  again  obtained. 

CONCLUSIONS 

For  a  Cameca  IMS-3f  with  15  KeV  Cs'*',  the  leading  edges  of  B  and  Sb  abrupt  doping 
transitions  in  Si  may  be  fit  to  profiles  wliich  are  the  convolution  of  a  step  function  and 
a  gaussian  with  standard  deviation  a  «  65  A.  Trailing  edges  exhibit  explicit  exponential 
tails.  This  work,  and  that  of  others  suggests  that  the  characteristic  decay  length,  A 
depends  upon  the  projected  range  of  the  primary  ion  in  Si  (a  function  of  Mq,Eq,  and 
Quit).  In  addition,  it  is  species  dependent,  e.g.  A4,  «  105  A  and  Ab  ~  135  A  under 
15  KeV  Os'*"  bombardment.  This  may  be  understood  in  the  recoil  framework  in  terms 
of  the  range  of  the  recoiled  dopant  atoms  in  Si.  The  Boltzmann  Transport  Equation 
method  for  calculating  recoil  effects  during  ion  implantation  has  been  modified  to  treat 
the  SIMS  problem.  The  calculations  predict  recoil  profiles  which  are  in  good  agreement 
with  the  measured  results. 
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EPITAXIAL  ALIGNMENT  OF  As  IMPLANTED  POLYSILICON  EMITTERS 


J.L.  Hoyt.E.F.  Crabbe.J.F.  Gibbons,  and  R.F.W.  Pease, 

Stanford  Electronics  Laboratories,  Stanford,  CA  94305 

ABSTRACT 

We  demonstrate  a  clear  advantage  for  high-temperature,  short  time  annealing  to  in¬ 
duce  intentional,  complete  epitaxial  alignment  of  arsenic  implanted,  0.5  pm-thick  polysil¬ 
icon  films  on  (100)  silicon,  while  minimizing  arsenic  outdiffusion  into  the  substrate. 
Using  MeV  ion  channeling  and  cross-sectional  electron  microscopy,  epitaxial  alignment 
was  studied  in  the  1050-1150  ®C  temperature  range,  for  arsenic  doping  concentrations 
between  1  and  10  x  10^°  cm“^.  The  alignment  efficiency  increases  dramatically  with 
chemical  arsenic  concentration  in  this  range.  An  arsenic  concentration  of  10^^  cm“^ 
yields  alignment  behavior  which  proceeds  from  the  polysilicon/single-ciy'stal  interface. 
Between  1  eind  5  x  10^°  cm“^,  the  random  grain  growth  can  exceed  the  rate  of  alignment, 
and  large  grain,  highly  oriented  polycrysta'line  films  can  result  from  the  RTA.  For  0.5 
pm-thick  polysilicon  films  with  an  average  doping  of  10^*  cm“^,  the  rate  of  achievement 
of  a  high  degree  of  epitaxial  alignment  exceeds  the  rate  of  arsenic  penetration  into  the 
substrate  at  temperatures  >  1150  °C. 

Bipolar  transistors  with  0.5  pm-thick  emitter  contacts  and  polysilicon  dopings  of  5 
and  10  X  10^°  cm“^  show  less  variation  in  base  current  when  subjected  to  RTA  (T  > 
1100  °C)  compared  to  devices  annealed  in  a  furnace  in  the  900  to  1000  °C  range,  while 
retaining  the  advantage  over  metal  contacts. 

INTRODUCTION 

Polycrj’stalline  silicon  (polysilicon)  films  formed  by  low  pressure  chemical  vapor  de¬ 
position  (LPCVD)  are  widely  used  in  advanced  bipolar  integrated  circuit  technology. 
When  deposited  directly  on  the  single  crystal  silicon,  polysilicon  serves  as  a  diffusion 
source  and  a  self-aligned  contact  to  the  extrinsic  base  and  emitter  regions.  The  LPCVT) 
process  results  in  a  thin  interfacial  layer  between  the  poly-  and  single-crystal  silicon 
[l,2].  Subsequent  furnace  armealing  in  a  standard  high-speed  bipolar  transistor  process 
produces  partial  breakup  of  this  layer,  allowing  an  uncontrolled  amount  of  epitaxial 
regrowth  of  the  polysilicon  to  take  place.  The  transistor  base  current  and  emitter  resis¬ 
tance  are  strongly  dependent  on  the  morphologj'  of  this  interfacial  layer  [3,4].  A  short, 
high-temperature  emitter  drive-in  which  intentionally  induces  complete  epitaxial  align¬ 
ment  of  the  polysilicon  with  the  substrate  should  alleviate  this  process  sensitivity.  An 
added  benefit  of  the  high  temperature  RTA  is  reduced  base  and  emitter  resistance  [5]. 

Epitaxial  alignment  of  imdoped  polysilicon  deposited  on  (100)  silicon  has  been  stud¬ 
ied  previously  by  furnace  [6],  and  rapid  thermal  annealing  [7]  (RTA).  Alignment  is  ob¬ 
served  to  proceed  from  the  polysilicon/single  crj'stal  interface,  where  epitaxial  columns 
form  and  grow  towards  the  surface  at  a  rate  of  20-200  A/min.  in  the  1000  to  1100  °C 
temperature  range.  Alignment  of  arsenic  implanted  emitters  has  been  realized  in  high- 
frequency  devices  using  fast  furnace  annealing  at  1150  °C  [8,9].  These  authors  report  that 
high  arsenic  doping  enhances  the  alignment.  However,  it  is  clear  that  a  more  thorough 
understanding  of  the  epitaxial  alignment  process  in  heavily  doped  films  is  required  in 
order  to  design  a  successful  RTA  process  for  polysilicon  emitter  annealing.  In  this  work, 
the  effect  of  arsenic  concentration  on  the  nature  of  the  epitaxial  regrowth  is  elucidated, 
and  the  kinetics  and  temperature  dependence  of  alignment  quantified.  Bipolar  transis¬ 
tors  were  also  fabricated  by  this  process,  and  the  device  results  are  briefly  summarized 
in  the  final  section. 

EXPERIMENTS 

Starting  substrates  were  boron  doped,  11-15  D  —  cm  (100)  silicon.  Undoped  polysil¬ 
icon  films  of  thickness  0.5  micron  were  deposited  in  a  conventional  LPCVD  reactor  at 
620°C.  Prior  to  loading,  wafers  were  given  a  standard  RCA  clean  followed  by  an  etch  in 
50:1  HF  with  no  subsequent  rinse.  As^  was  implanted  at  low  beam  current  densities  into 
some  wafers  at  150  KeV  to  a  dose  of  5  x  lO'^cm”^,  and  others  at  GO  KeV'  to  doses  of 
2.5  and  5  x  10'®  cm“^.  Because  arsenic  diffu.scs  so  rapidly  in  polysilicon,  uniform  doping 


throughout  the  layer  as  measured  by  RBS  depth  profiling  is  obtained  during  the  align¬ 
ment  anneal  for  the  temperatures  investigated  in  this  study.  The  above  implant  schedule 
results  in  constant  arsenic  concentrations  of  1,  5,  and  10  x  10^°  cm"^  in  the  polysilicon. 
Wafers  were  capped  with  LPC\'D  oxide  deposited  at  450  °C  to  prevent  arsenic  loss, 
and  then  cleaved  into  small  squares.  For  a  given  anneal  condition,  samples  from  all 
three  wafers  were  subjected  to  RTA  in  a  tungsten-halogen  lamp  system  simultaneouslv. 
Samples  were  placed  on  a  silicon  wafer  with  a  thermocouple  embedded  in  its  center, 
and  the  annealer  was  operated  in  closed-loop  mode.  Temperatures  ranged  from  1050  to 
1150°C  for  times  of  10  to  1000  seconds.  After  the  RTA,  arsenic  diffusion  profiles  were 
obtained  by  Rutherford  backseat tering  (RBS).  Structural  changes  in  the  polysilicon  films 
were  studied  \'ia  2.2  MeV  ‘‘He  ion  channeling  and  cross-sectional  transmission  electron 
microscopy  (XTEM). 

A.  Arsenic  concentration  effects  and  temperature  dependence 

The  strong  effects  of  arsenic  concentration  and  temperature  on  the  morphologv  of 
annealed  films  are  illustrated  in  Fig.  1,  which  shows  XTEM  micrographs  of  samples 
subject  to  10  second  anneals.  The  three  samples  shown  in  Fig.  1  (a)-(c)  were  annealed 
simultaneously  at  1150  “C.  At  an  arsenic  concentration  of  10^°  cm“^  (a),  the  polysilicon  is 
partially  aligned  from  the  interface  towards  the  surface,  leaving  an  uppermost  layer  which 
remains  poly  crystalline.  The  extent  of  alignment  is  laterally  nonuniform.  Increasing  the 
doping  to  5  X  10^°  cm“^  results  in  complete  epitaxial  regrowth  to  the  sample  surface 
over  most  of  the  film,  with  a  defected  layer  remaining  (b).  The  major  residual  defects 
are  twins  and  stacking  faults.  The  same  zinneal  yields  complete  alignment  for  a  sample 
doped  to  10^*  cm~^  (c).  The  interfacial  layer  between  the  original  poly-  and  single-crj'stal 
silicon  is  still  \fisible,  but  has  broken  up  into  individual  oxide  inclusions  as  seen  in  other 
XTEM  studies  of  polysilicon  alignment  [2].  Decreasing  the  anneal  temperature  by  50 
degrees  produces  the  film  morphology  illustrated  in  (d),  for  an  1100  ®C  anneal.  The 
high  arsenic  concentration  (10^^  cm“^)  has  resulted  in  enhanced  grain  growth,  so  that 
after  only  10  seconds  the  average  grain  size  in  the  film  has  exceeded  the  layer  thickness 
of  0.48  microns.  Selected  area  diffraction  patterns  (not  shown)  indicate  that  some  grains 
fe.g.  region  A  in  the  figure)  are  epitaxially  aligned  to  the  substrate,  while  others  are  not 
(region  B). 

Fig.  2  shows  the  (1001  axial  ion  channeling  spectra  for  the  samples  pictured  in  Fig.  1 
(a)-(c)  (1150-10  sec.  RTA),  compared  to  a  spectrum  for  an  unannealed  polysilicon  film. 
For  an  arsenic  doping  of  10^°  cm~^  (curve  (a)),  we  see  that  the  average  regrown  thickness 
extends  a;  2000  A  from  the  poly/single-crystal  interface.  The  graded  low-energy  edge  of 
this  spectrum  results  from  the  nonimiform  regrowth  seen  in  the  TEM.  (Fig.  1(a)).  When 
the  arsenic  concentration  is  raised  to  5  and  10  X  10^°  cm“^,  the  dramatically  enhanced 
grain  growth  alters  the  nature  of  the  resulting  channeling  spectra  (b)  and  (c),  and  it  is 
no  longer  meaningful  to  speak  of  an  ‘alignment  rate'.  A  useful  measure  of  the  degree 
of  epitaxial  alignment  in  cases  where  the  average  grain  size  reaches  the  film  thickness  is 
the  integrated  yield  Xinn  defined  as  the  integral  of  the  aligned  spectrum  over  the  0.4S 
micron  film  thickness,  divided  by  the  corresponding  integral  of  the  random  spectrum. 
The  integrated  yields  for  the  spectra  in  Fig.  2(b)  and  (c)  are  0.10  and  0.065  respectively. 
For  comparison,  we  find  an  integrated  yield  of  0.055  for  a  virgin  silicon  sample. 

Fig.  3  compares  the  kinetics  of  the  alignment  process  at  1100  °C  for  10^°  (a)  and 
10^'  cm“^  (b)  arsenic  concentrations  in  the  polysilicon.  In  the  lower  arsenic  concentration 
case  (a),  the  30  and  90  second  spectra  show  that  the  film  aligns  from  the  interface  in  a 
manner  qualitatively  similar  to  the  undoped  case  [7].  However,  the  increase  in  aligned 
thickness  appears  to  be  nonlinear  in  time.  In  general,  we  have  measured  initial  alignment 
rates  which  are  higher  than  those  extrapolated  from  our  longer  time  data.  In  the  high 
concentration  case  (b),  the  backscattering  yield  within  the  0.48  /im  layer  is  high  for  the 
10  second  RTA,  but  drops  with  increasing  anneal  time,  indicating  improving  epitaxial 
alignment.  For  a  given  anneal  time,  the  yield  is  constant  within  this  layer,  and  the  shape 
of  the  channeling  profile  is  typical  of  large-grain  polycrystalline  films,  in  sharp  contrast 
to  the  spectra  shown  in  (a). 

B.  Alignment  kinetics  versus  diffusion 

We  have  studied  the  temperature  dependence  of  the  alignment  kinetics  in  detail  for 
the  highest  arsenic  doping  in  the  polysilicon  (10^‘  cm“^),  and  compared  it  to  the  rate  of 
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Fig.  1;  Cross-sectional 
transmission  electron  mi¬ 
croscopy  observations  of 
10-sec.  anneals  illustrat¬ 
ing  the  strong  effect  of 
arsenic  doping  Na,  on 
epitaxial  alignment.  At 
an  arsenic  concentration 
of  10^°  cm“^,  the  polysil¬ 
icon  is  partially  regrown 
from  the  interface  to¬ 
wards  the  surface.  The 
epitaxial  alignment  in¬ 
creases  dramatically  as 
Nas  is  increased  to  5  (b) 
and  10  X  10^°  cm“^  (c). 
The  interfacial  layer  has 
broken  up  into  oxide  in¬ 
clusions.  Micrograph  (d) 
illustrates  the  decrease  in 
alignment  efficiency  for 
a  10^'  cm“^  sample  an¬ 
nealed  at  1100  °C,  com¬ 
pared  to  (c)  at  1150  °C. 
The  MeV  ion  channeling 
integrated  yields  are  also 
indicated. 
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20  : 
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•Aligned 


Fig.  2:  Backscattering  spec¬ 
tra  corresponding  to  the  mi¬ 
crographs  of  Fig.  1  (a)-(c), 
for  an  1150  °C-10  sec.  RTA. 
The  graded  low-energy  edge 
of  spectrum  (a)  corresponds 
to  the  nonuniform  regrowth 
seen  in  the  TEM  (Fig.  1(a)). 
The  fact  that  the  aligned 
yield  for  this  sample  does 
not  reach  the  random  value 
indicates  that  some  fraction 
of  the  film  has  regrown  to 
the  surface.  The  drop  in 
the  aligned  yields  for  (b) 
and  (c)  illustrates  the  dra¬ 
matic  improvement  in  align¬ 
ment  efficienev  for  Na*  > 
5  X  10^°  cm-^; 
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.9  1.0  1.1 

Energy  (MeV)  Energy  (MeV) 

(a)  Channeling  spectra  for  Na»  =  10^°  cm~^.  (b)  Channeling  spectra  for  Na.  =  10*'  cin“^. 

The  polysilicon  film  aligns  from  the  inter-  The  higher  doping  produces  large  grain  poly¬ 
face  towards  the  surface.  The  initial  rate  of  crystalline  silicon  and  hence  the  different 
alignment  appears  higher  thain  that  between  shape  of  the  profiles  compared  to  (a). 

30  and  90  sec. 

Fig.  3:  A  comparison  of  the  kinetics  of  the  alignment  process  at  1100  °C  for  the  lowest 
(a)  and  highest  (b)  arsenic  dopings.  Channeling  spectra  were  obtained  by  aligning  the 
analyzing  beam  to  the  substrate  (100)  direction. 


arsenic  outdiffusion  into  the  substrate,  as  measured  by  Rutherford  backscattering  depth 
profiling.  The  shape  of  the  arsenic  diffusion  profiles  is  indicative  of  the  degree  of  epita>dal 
alignment  with  the  substrate.  Fig.  4  illustrates  the  evolution  of  the  1100  °C  diffusion 
profiles  as  the  film  changes  from  large  grain  polycrystalline  after  10  seconds,  to  epitaxial 
silicon  after  90  seconds.  The  arsenic  segregation  peak  at  the  original  poly/single-crystal 
interface  disappears  between  10  and  30  seconds  as  the  integrated  yield  drops  to  0.1,  and 
subsequent  diffusion  profiles  exhibit  a  shape  associated  with  high  concentration  arsenic 
diffusion  in  single-crystal  silicon. 

Junction  depths  metisured  with  respect  to  the  original  silicon  surface  were  extracted 
from  the  RBS  profiles  by  noting  the  depth  corresponding  to  an  arsenic  concentration  of 
1x10*®  cm“^(seeFig.  4).  Fig.  o  compares  junction  depths  (closed  symbols)  to  integrated 
yield  (open  siTnbols)  as  a  function  of  anneal  time  at  1067,  1100,  and  1150  °C.  Since  the 
XTEM  of  Fig.  2  (b)  shows  few  residual  defects,  and  corresponds  to  an  integrated  yield 
Xint  of  0.065,  we  have  chosen  this  value  as  a  criterion  for  reasonable  alignment.  For 
a  Xint  of  0.065,  the  junction  depths  are  1500  A  at  1150  °C  and  2000  X  at  1100  °C. 
This  clearly  illustrates  the  advantage  of  higher  temperature,  shorter  time  anneals.  Since 
we  have  made  direct  comparisons  of  junction  depth  emd  integrated  yield  on  the  same 
samples,  this  conclusion  is  independent  of  errors  in  the  determination  of  the  exact 
temperature  versus  time  profiles. 

Fig.  6  is  an  .Arrhenius  plot  comparing  the  epitaxial  alignment  and  arsenic  outdiffu¬ 
sion  processes.  The  rate  of  incretise  in  epitaxial  quality  may  be  measured  by  the  inverse 
of  the  time  required  to  reach  an  integrated  yield  of  0.065,  (ro.oes)  ',  which  has  a  very- 
strong  temperature  dependence.  A  measure  of  arsenic  diffusion  into  the  substrate  may 
be  obtained  by  the  slope  of  graphs  of  Xj^  versus  time  at  a  given  temperature,  which  is 
the  dashed  line  in  the  figure.  We  find  an  activation  energy  of  4.2  eV  for  this  process, 
consistent  with  high  concentration  arsenic  diffusion  in  silicon[10].  By  dividing  the  diffu- 
sivity  scale  by  (10"®  cm)^  we  can  use  the  left-hand  axis  to  find  (ro.i  /im)~*,  the  inverse  of 
the  time  required  to  produce  an  arsenic  penetration  of  0.1  /rm,  and  can  compare  the  two 
processes  directly  on  the  same  scale.  In  this  c^lse,  annealing  at  temperatures  >  1150  ®C 
(the  intersection  of  the  two  curves)  is  neccssaiy-  to  minimize  arsenic  outdiffusion  while 
maximizing  the  alignment  process  for  0.5  /im-thick  films. 


53 


V 


Paper  #11 


Fig.  4:  Arsenic  diffusion  pro¬ 
files  for  samples  annealed  at 
1100  “C  for  10,  30  and  90 
seconds,  obtained  by  Ruther¬ 
ford  backscattering.  Also  in¬ 
dicated  are  the  measured  inte¬ 
grated  yields  czilculated  from 
the  channeled  spectra  of  Fig. 
3  (b).  The  se^egation  at 
the  original  polysilicon  /single- 
crj'stal  interface  is  no  longer 
visible  after  the  30  sec.  anneal. 


Fig.  5:  Integrated  yield  (open  symbols) 
and  arsenic  junction  penetration  (solid 
symbols)  vs.  RTA  time  for  three  differ¬ 
ent  temperatures.  An  integrated  yield  of 
0.065  is  obtained  for  anneals  of  1150  ®C-10 
sec.  and  1100  “C-OO  sec.,  with  correspond¬ 
ing  jxmction  depths  of  1500  and  2000  A, 
demonstrating  the  advantage  of  high  tem¬ 
perature  RTA. 


Fig.  6:  An  Arrhenius  plot  comparing 
the  outdiffusion  (dashed  line)  and  epitaxial 
alignment  (solid  line)  processes,  ro.oes  is  the 
time  required  to  reach  an  integrated  yield 
of  0.065  from  Fig.  5.  When  referred  to 
the  left-hand  axis,  the  dashed  line  also  rep¬ 
resents  (ro.i  ,  the  inverse  of  the  time 

to  produce  an  arsenic  penetration  of  ^5:  0.1 
pm. 
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C.  Device  Results 

Bipolar  transistors  were  fabricated  with  0.5  /jm-thick  polysilicon  contacts  to  the  emit¬ 
ters,  and  average  polysilicon  dopings  of  5  and  10  xl0^°  The  devices  were  annealed 

at  temperatures  ranging  from  1100  to  1180  “C.  High  polysilicon  doping  levels  are  nec¬ 
essary  to  minimize  the  storage  of  minority  carriers  in  the  aligned  emitters.  The  devices 
were  characterized  by  their  base  current,  which  is  a  measure  of  emitter  performance  3’. 
We  found  the  base  current  to  be  quite  independent  of  the  measured  integrated  yields 
although  a  wide  range  of  \-alues  of  xim  was  obtained  [11].  The  higher  temperatures 
have  essentially  eliminated  the  major  effects  of  the  interfacial  layer  and  also  produced 
enhanced  dopant  activation  in  the  aligned  polysilicon.  The  insensitivity  of  the  base  cur¬ 
rent  to  the  integrated  yield  may  be  explained  by  the  fact  that  it  is  dominated  by  Auger 
recombination  in  the  emitter,  and  the  Auger  lifetime  is  so  low  at  such  high  doping  levels 
that  the  final  quality  of  the  regrown  material  has  little  effect  on  the  base  current.  W'e 
have  found  that  the  advantage  of  vising  a  polysilicon  contact  to  the  emitter  remains  after 
the  RTA.  In  addition,  the  emitter  resistance  of  such  devices  is  expected  to  be  very  low. 
and  less  process  dependent  than  for  furnace  annealed  devices. 

CONCLUSIONS 

For  LPCVD  polysilicon  on  (100)  silicon,  a  quantitative  analysis  of  epitaxial  qual¬ 
ity  and  arsenic  diffusion  into  the  underlying  substrate  shows  a  clear  adrantage  for  high 
temperature  RTA  to  obtain  more  complete  epitaxial  alignment  and  minimum  arsenic 
outdiffusion.  For  0.5  ^im-thick  polysilicon  films  with  an  average  doping  of  10*^  cm“^. 
the  rate  of  achievement  of  epitaxial  alignment  to  a  channeling  integrated  yield  of  0.065 
exceeds  that  of  arsenic  penetration  into  the  substrate  to  a  depth  of  roughly  0.1  ^m  for 
temperatmes  >  1150  ®C.  The  alignment  efficiency  increases  dramatically  with  chemical 
arsenic  concentration  from  1  to  10  x  10^°  cm"^.  An  arsenic  concentration  of  10^°  cm"" 
yields  alignment  behavior  similar  to  the  undoped  case.  Between  1  and  5  xl0‘°  cm"^.  the 
grain  growth  rate  exceeds  that  of  alignment,  and  large  grain,  highly  oriented  polyciys- 
talline  films  can  result  from  the  RTA.  Bipolar  transistors  fabricated  with  0.5  /im-thick 
emitter  contacts  and  polysilicon  dopings  of  1  and  5  xl0^°  cm"^  show  less  variation  in 
base  current  when  subjected  to  RTA  (T  >  1100  ®C)  compared  to  devices  annealed  in  a 
furnace  in  the  900  to  1000  ®C  range,  while  retaining  the  advantage  over  metal  contacts. 
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Abstract 

PoK’sUicon  emitter  contacts  are  extremely  attractive 
for  bipolar  transistors,  but  they  sutler  from  process  sensi¬ 
tivity,  Two  different  approaches  are  proposed  to  improve 
the  reproducibility.  In  the  first,  rapid  thermal  annealing  is 
used  to  induce  complete  epitaxial  alignment  of  the  polysii- 
icon  to  the  su'nstrate.  The  base  current  of  these  devices 
exhibits  little  dependence  on  the  anneal  conditions  while 
retaining  the  advantage  of  polysilicon  compared  to  metal 
contacts.  In  the  second  approach,  the  silicon  surface  is 
thermally  nitrified  prior  to  poiysilicon  deposition  to  form 
a  very  thin  nitride  interface,  and  the  resulting  base  cur¬ 
rents  are  extremely  low. 

Introduction 

bipolar  transistors  are  scaled  laterally  and  vertically 
to  increase  tiie  speed  of  operation,  the  ciiuucr  thickness  is 
reduced  to  0.1  iim  or  less  and  the  contact  to  the  emitter 
dominates  the  DC  cheiracteristics.  Polysilicon  contacts  to 
the  emitter  provide  substantial  improvements  compared  to 
conventional  metal  contacts.  The  current  gain  is  increased, 
and  it  can  be  traded-off  for  a  decrease  in  base  resistance  to 
improve  tue  swrtching  speed.  The  morphology  of  the  inter- 
facial  layer  between  the  poiysilicon  and  the  single-crystal 
silicon  critically  affects  the  base  current  and  the  emitter  re¬ 
sistance  of  these  devices.  For  high-speed  applications,  high 
poiysilicon  doping  levels  tmd  moderate  to  high  anneal  tem¬ 
peratures  are  preferred  in  order  to  reduce  the  emitter  re¬ 
sistance  by  partially  breaking  up  the  interfacial  oxide  [1,2]. 
The  integrity  of  the  interfacial  oxide  layer  is  very  sensitive 
to  the  process,  leading  to  large  vanations  in  base  current 
and  emitter  resistance  from  run  to  run.  Two  approaches 
to  reduce  this  process  sensitivity  while  maintaining  the  ad¬ 
vantages  of  the  poiysilicon  contacts  are  investigated  in  this 
p.rpcr.  The  first  one  consists  of  rapid  thermal  annealing 
inT.\)  the  polysilicon-contacted  devices  to  eliminate  the 
interfacial  layer  and  induce  epitaxial  alignment  with  the 


substrate.  The  nature  of  this  recrystallization  is  discussed 
in  the  next  section,  and  the  resulting  transistor  charac¬ 
teristics  are  described  in  the  following  one.  The  second 
approach  consists  of  improving  the  integrity  of  the  inter¬ 
face  by  growing  an  extremely  thin  thermal  nitride  layer  by 
rapid  nitridation.  Bipolar  transistors  with  such  emitters 
were  fabricated  and  their  characteristics  are  described. 

Characterization  of  aligned  poiysilicon 

The  process  dependence  of  the  poiysilicon  epitaxial  align¬ 
ment  to  the  substrate  was  investigated  first  before  tran¬ 
sistor  fabrication.  Undoped  0.5  pm-thick  poiysilicon  films 
were  deposited  in  a  conventional  LPCVD  reactor  at  620'’C. 
Prior  to  loading,  the  wafers  were  given  a  standard  RC.U 
clean  followed  by  an  etch  in  50:1  HF  with  no  subsequent 
rinse.  .Arsenic  was  then  implanted  to  achieve  poiysili- 
con  average  doping  concentrations  of  1x10*°,  5x10*°  and 
1  X  10^*  cm"°.  .After  low  temperature  oxide  deposition 
lo  form  a  cap,  the  wafers  were  rapid  thermal  annealed 
RT.Al  in  a  tungsten-halogen  lamp  system  with  temper¬ 
atures  ranging  from  1050  to  1150'^C  and  times  of  5  to  30 
seconds.  The  regrown  films  were  characterized  by  .Me^  ion 
channeling,  Rutherford  backscattering  (RBS)  and  cross- 
sectional  transmission  electron  nucroscopy  (XTEM). 

The  strong  effect  of  arsenic  concentration  on  the  mor¬ 
phology  of  annealed  films  is  Illustrated  in  Figs.  I  and  2. 
Fig.  1  shows  the  ion  channeling  spectra  and  the  corre¬ 
sponding  XTEM  micrographs  are  given  in  Fig.  2.  Both 
figures  are  for  samples  subjected  to  an  1150  °C  anneal  for 
10  sec.  It  is  clear  that  both  the  grain  growth  and  the 
epitaxial  alignment  rates  increase  with  arsenic  concentra¬ 
tion,  and  that  the  epitaxial  quality  is  greatly  improved  iur 
>  5  X  10^“  cm"’.  A  good  indication  of  the  extent  of 
alignment  is  the  integrated  yield  \,„i  defined  as  the  iim^ 
gral  of  backscattered  counts  for  a  (100)  ahgned  spectrum 
over  the  0.5  pm  film,  divided  by  the  corresponding  inte¬ 
gral  of  the  random  spectrunr.  Figs.  1  and  2  illustrate  the 
correspondance  between  the  spectrum  shape,  the  quantity 
and  the  film  morjihology  as  revcahxl  by  XTEM.  Figs. 


OG 


Backscattering  yield  (counts) 


Pap' 'I'  12 


Energy  (MeV) 

Fig.  1  Bar kscatterine  spectra  iUustrating  lh#‘  slronii  arsenic 
cuncentration  dependence  of  the  epitaxial  abgnment  of  H  i’' 
;/nj-thick  LPCVD,  arsenic  implanted  polysihcon  films.  Ail  tlift**- 
samples  were  annealed  simultaneously  at  ll'>0  ®C  ft.»r  !(•  >*•< 
oiitls.  Arsenic  concentrations  throughout  the  polysiiictm  arr  i. 
5.  and  10  x  10*^  cm"^  for  samples  with  ion  channehnc  sp^'ctra 
labtled  (ai.  ib)  and  <c)  respectisely.  The  epitaxial  <;'i.»iity  i.f 
the  regrown  films  is  greatly  improved  for  >  5  x  10*'  cm"  V 

2  and  (d)  also  illustrate  the  strong  temperature  de¬ 
pendence  of  the  alignment  process.  A  quantitative  study 
of  the  trade*ofr  between  junction  depth  ineasurcxl  with  re¬ 
spect  to  the  original  silicon  surface  and  epitaxial  aligmneiu 
indicates  that  higher  temperatures  for  very  short  times  are 
preferable  to  lower  temperatures  and  Umger  times  T!ii> 
inininuzes  arsenic  outdiffusion  and  improves  the  epitaxial 
quality  [31. 


Recrystallized  emitters 

When  the  interfacial  layer  between  the  polysilicon  and 
the  single  crystal  is  eliminated,  the  hole  storage  in  the 
emitter  is  of  primary  concern.  The  emitter  component  % 
of  the  delay  r  =  l/27rfT  where  fx  is  the  cutoff  frequency 
must  be  minimized.  Since  r,  is  directly  proportional  to 
the  Auger  recombination  lifetime,  the  emitter  doping  level 
sliould  be  as  high  as  possible.  An  arsenic  concentration 
above  4x10^^  cm”^  w’ill  satisfy  this  requirement  and,  as 
discussed  previously,  will  improve  the  aligrunent  rate.  Very 
high  anneal  temperatures  are  also  desirable  in  this  context 
to  maximize  dopant  activation. 

RTA  offers  two  advantages  for  the  fabrication  of  hipo 
lar  transistors:  it  reduces  the  proc<*ss  sensitivity  of  the 
•  nutters  as  descnbefl  b<‘low.  and  it  is  aKo  responMl»]e  for 
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I  lu,.  2  Cross-seciioiidi  micrographs  corretpoDUine  to  i:."  i'-: 
channeling  ^peclra  for  samples  (a),  <bl,  and  (ci  of  I  ;c 
At  an  arsenic  concentration  of  1  x  10*^cm“^  the  p^  .;.  Mbf-: 
1*  partially  regrown  epitaxially  from  the  interface  towaru*  * 
'•u.-hice.  The  graded  low-encrg>  edge  of  Fie.  1  ia)  cor:-"po:. 

*<••  the  iionuriiform  regrowth  seen  in  the  TLM  la).  I:,r:ea,'i:.g 
th<‘  doping  to  ^  X  10*^  cm“^res lilts  in  complete  regrowth  to  ti.e 
sample  surface,  with  a  highly  defected  layer  as  seen  in  h'-  The 
corresponding  channeling  spectra  has  an  integrated  >.»hd 
of  0.10.  The  same  anneal  yields  complete  epitaxial  alignmont 
F-r  a  sample  doped  to  1  x  10*‘  cm“^(c).  Micrograph 'd  '  ulus- 
iratcs  the  decrease  in  alignment  efficiency  f.>r  a  1  x  10**  rtn“  ' 
'ample  annealed  at  1100  °C.  compared  to  r 


a  substantial  decrease  of  the  extrinsic  base  and  emitter  re¬ 
sistances  as  a  res’ili  of  the  higher  dopant  aciiv'ation  in  the 
polysilicon  (both  the  polysilicon  resistance  and  the  metal- 
to-|>olysilicon  contact  resistance  are  reduced)  [4.5 

Bipolar  traiisistors  with  0.5  ^m-lhick  polysiliron  con¬ 
tacts  to  the  emitters  were  fabricated.  Wafers  received  an 
HF  dip  etch  ii  ^-mediately  before  the  LPC\  D  po.>  siIicon 
de  position,  and  hence  only  a  native  oxide  is  present  at  the 
interface.  The  wafers  were  then  implanted  with  desses  of 
2.5  and  5x10*®  cm"*  and  then  capped  wnth  LPC\'D  ox- 
i<le  to  prevent  arsenic  outdiffusion.  The  devices  were  then 
annealed  by  RTA  at  temperatures  of  1100  to  115  'C  and 
times  varv’ing  between  1  and  30  sec.  A  Peak  Systftr.s  ALP- 
COOO  was  employed  to  take  adv'antage  of  its  extremely  fa>i 
tcinporaiure  rise  and  hill  times. 
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i  ig.  3  Representative  backscattering  spectra  obtained  for  polysil- 
icon  emitters  subjected  to  RTA.  The  anneal  conditions  were 
chosen  to  yield  a  wide  range  in  the  extent  of  epitaxial  align- 
n.ent  as  measured  by  ion  channeling.  Spectra  (a)  and  (b)  are 
for  samples  doped  to  1  X  10^*  cm"^  with  RTA  conditions  of 
1 100  °C  for  10  and  30  seconds  respectively,  and  (c)  and  (d)  for 
j  X  10^°  cm"^  with  RT.A  conditions  of  1150  ’C  for  5  and  30  sec. 
respectively.  The  improivcnent  in  epilaxiaJ  quaiily  with  time 
at  a  fixed  temperature  is  illustrated  by  the  drop  in  the  yield  for 
:  c)  as  compared  to  (d). 

The  quality  of  the  recrystallited  emitter  contacts  was 
analyzed  by  ion  chatmeling  and  characterized  by  the  in¬ 
tegrated  yield  xuu  (s‘o  Table  1).  The  s-alues  obtained  for 

in  the  device  run  at  a  given  temperature  differ  slightly 
from  those  described  in  the  previous  section;  the  discrep¬ 
ancy  is  attributable  to  small  differences  in  the  temperature 
calibration  of  the  two  RTA  systems.  The  ion  channeling 
spectra  of  Fig.  3  indicate  that  the  various  RTA  condi¬ 
tions  produced  a  wide  range  of  epitaxial  alignment  quality 
among  the  device  wafers:  Xi„i  varies  between0.il  and  0.96 
(Table  1).  The  emitter  profiles  were  obtained  by  SIMS, 
RBS  and  spreading  resistance.  The  junction  depths  with 
respect  to  the  original  interface  are  given  in  Table  1  and 
vary  between  0.09  and  0.25  pm.  The  integrated  charges  in 
the  emitters  are  also  given  in  Table  1  and  were  obtained 
by  Hall  effect  measurements. 

The  emitters  are  characterized  by  their  saturation  cur¬ 
rent  densities  Jo«  rather  than  the  current  gain  of  the  tran¬ 
sistors  to  eliminate  the  base  dependence.  As  base  recom¬ 
bination  is  negligible  in  these  devices,  J,,  can  be  extracted 
from  the  ideal  component  of  the  base  current  as  illustrated 
In  Fig.  4.  The  values  of  are  reported  for  a  tempera- 


Sum- 

N  A. 

RTA 

\  int 

-V, 

?Hoi/ 

pie 

(  cm'^l 

(°C-  sec.) 

1  nm  1 

(cm'°l 

bl 

1  X  10'‘ 

1100-10 

0.96 

0.0S5 

1.63  xlO'" 

b2 

1  X  10^' 

1100-30 

O.Sl 

0.16 

1.95  xl0‘® 

nl3 

1  X  10^' 

1150-5 

<  0.55 

0.11 

* 

nl4 

1  X  10^' 

1150-30 

<  0.106 

0.25 

b3 

1  X  10” 

llSO-1 

0.75 

0.090 

1.87  xlO'* 

b6 

5  X  10-° 

1100-10 

>  0.96 

o.os 

1.39  xl0‘“ 

b7 

5  X  10^“ 

1100-30 

>  0.81 

0.14 

1.50  xl0'« 

b4 

5  X  10^° 

1150-5 

0.55 

0.08 

1,46  xl0'“ 

b5 

5  X  10°“ 

1150-30 

0,106 

0.21 

2.14  xl0'“ 

Table  1  Integrated  yield  x;m,  junction  depth  measured  with 
respect  to  the  original  polysilicon/single  crystal  silicon  interface 
A',,  and  the  total  emitter  charge  Oh»ii  “  measured  by  sheet 
Hail  effect  for  device  wafers  subject  to  RTA  after  the  emitter 
implant. 

ture  of  300  K,  as  a  decrease  in  temperature  of  only  6°C 
leads  to  a  reduction  of  Jo,  by  a  factor  of  roughly  2.7.  All 
measurements  were  performed  on  devices  with  large  tirca- 
to-perimeter  ratios  to  neglect  the  perimeter  component  of 
the  base  current. 

The  experimental  values  for  Jo,  are  given  in  Fig,  5 
as  a  function  of  the  anneal  conditions  and  for  the  two 
polysilicon  doping  levels.  Although  a  wide  range  of  epi¬ 
taxial  alignment  is  obtained.  J,,  is  qtute  independent  of 

and  is  rather  high  compared  to  optimized  polysilicon 
emitter  contacts  (~  1.5  x  10"'^  vs.  ~  5  x  10"‘^  .A/cm*  I. 
This  is  not  surprising  considering  the  high  anneal  tem¬ 
peratures  and  the  high  emitter  doping  levels.  The  annetd 
temperatures  are  high  enough  to  eliminate  the  inten'acial 
oxide  layer  which  blocks  hole  injection  into  the  polysilicon. 
J„  is  dominated  by  Auger  recombination,  and  the  Auger 
lifetime  is  so  low  at  such  high  doping  levels  that  the  final 
quality  of  the  recrystallizcd  material  is  a  secondary  consid¬ 
eration  as  far  as  J,,  is  concerned.  Lower  doping  leveb  may 
iiuluce  a  reduction  of  J„,,  but  the  increased  hole  storage 
ill  the  errtitter  would  dramatically  degrade  the  frequency 
performance  (r,  would  be  the  dominant  component  m  the 
equation  for  ft). 

The  experimental  J„,  values  are  compared  to  those  ob¬ 
tained  by  simulation  for  devices  contacted  by  metal  and 
with  identical  profiles  in  the  single-crystal  part  of  the  emit¬ 
ter  under  the  original  interface.  The  modeling  procedure  is 
the  one  described  in  [C]  and  consists  of  solving  the  minonty- 
rarricr  transport  equations  using  the  single-crystal  emitter 
jirofile.  The  parameters  from  [7]  are  used  for  the  heavy¬ 
doping  effects.  The  modeling  was  checked  by  computing 
J„,  for  a  transistor  with  a  metal  contact  and  comparing  it 
to  the  experimental  value:  the  two  are  within  lOTc  of  e.ach 
other,  and  no  fitting  parameter  is  used  in  the  model.  For 
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Kir.  4  Transistor  collector  and  base  characteristics  illustraiine 
the  extraction  of  the  emitter  saturation  current  densits  ftoin 
the  ideal  component  of  the  base  current. 

long  anneals  such  as  !150°C  for  30  sec.,  the  sincle  crx-stal 
part  of  the  emitter  becomes  almost  optique  ansi  the  con¬ 
tact  plays  a  small  role.  The  advant.ace  of  the  poiysiiicon 
contacts  over  metal  contacts  clearly  romaiiLs  after  epitaxtal 
alignment  by  RTA. 

Nitrided  interfaces 

In  stansiard  polysilicon  emitter  contacts,  the  break-up 
of  the  native  oxide  at  the  interface  is  responsible  for  the 
high  process  sensitivity  of  these  devices.  The  integrity  of 
tills  interface  can  be  improved  by  thermally  niiritling  the 
emitter  surface  prior  to  polysilicon  deposition.  Films  15 
to  20  A-thick  were  obtained  by  rapid  thermal  lutndation 
(RTN)  in  an  AET  ADD.^X  RIOOO  Rapid  Thermal  Pro¬ 
cessor.  After  a  standard  RCA  clean,  the  wafers  received 
an  HF  dip  etch  just  prior  to  the  nitridation.  The  ther¬ 
mal  nitridations  were  performed  in  an  ammonia  ambient 
for  30  seconds  at  either  730  or  0()0°C.  The  wafers  were 
then  immediately  loaded  in  an  LPCVD  reactor  for  uii- 
doped  polysilicon  deposition.  Several  implant  and  anneal 
conditions  followed.  The  resulting  J„,  ate  shown  m  Fig. 
C.  All  the  devices  have  pre-implantcd  emitters  (arsenic 
implants  of  5x10'^  cm"^  annealed  for  1  hour  at  lOOO'C 
bt  fore  poiysiiicon  deposition).  For  comparison,  the  J„,  for 
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t  ig  .3  Emitter  saturation  current  density  Jo,  for  various  an- 
ne.il  conditions  and  two  polysibcon  concentrations.  Jo,  :s  fairly 
ui.-easitive  to  the  process  sanations.  Tor  companson.  sse  sr.ow- 
Miiiuiated  Jo,  values  for  dcsices  w-iiti  identical  outdifTused  emit- 
i-r  profiles  but  contacted  by  metal.  Tl.e  advantage  oser  metai 
r,. Marts  rieariv  remains  after  epitaxial  a..gnment  Py  RT.\. 

'lolv.sihcon  emitter  contarts  with  native  oxide  inter.aces 
are  ttiso  presented. 

The  interfaces  of  the  devices  with  poiysiiicon  arseme 
concentrations  of  2  x  10*“  cm'^annealcd  at  1000“C  for  i  '4 
hr.  were  examined  by  high  resolution  transmission  elec¬ 
tron  microscopy  (HREM).  The  thicknesses  of  the  rutmde 
interfaces  arc  IT  A  and  2lA  ±  2.A  for  the  730  and  000“C 
nitridations  respectively.  In  both  cases,  no  break-up  of  the 
interface  is  observed,  and  no  alignment  of  the  poi\ silicon 
has  taken  place  although  the  anneal  temperature  is  high. 

The  emitter  saturation  current  densities  of  the  mtnde 
interfaces  are  substantially  lower  than  those  of  native  ox¬ 
ide  interfaces  (Fig  C).  These  extremely  small  values  for 
J„,  indicate  that  little  recombination  occurs  at  the  ther¬ 
mally  nitrided  interfaces.  In  contrast  to  oxide  interfaces 
[C],  thicker  nitride  layers  do  not  improve  Jc,  and  3,^  is 
fairly  independent  of  the  poiysiiicon  doping  level  Con¬ 
trary  to  native  oxide  Interfaces,  a  high  anneal  temperature 
reduces  J„,.  Low  emitter  resistances  should  be  obtainable 
by  decreasing  the  mtnde  thickness.  This  can  be  aclucved 
by  performing  RTN  and  poiysiiicon  deposition  in  situ,  im¬ 
mediately  after  an  in  situ  substrate  plasma  clean 
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DOPING  AND  anneal  conditions 

G  Jo«  versus  process  conditions  for  devices  with  dnTcTcnt 
.;/.«:face  treatments.  The  upper  curves  are  for  native  ovide 
.-faces  obtained  by  perfornuns  an  IIF  dip  just  prior  to  lo.ni- 
.  ‘Z  wafers  into  the  LP('\'D  reactor.  The  iower  curv<*s  are  for 
u-'Mces  With  nitrided  iniorfaces  -  by  rapid  thermal  fuiridatiori ■ 

I  ;.e  mtrided  emitters  have  .sub'tantiaij)  lower  than  i:.#* 
it.se  oxide  emitters. 


Conclusion 

Tsvo  approivrhes  to  reduce  the  proci'^s  depenficiice  of 
p.jlysiiicon  emitter  contacts  wlhie  maintaining  their  advan- 
tar:c*s  have  been  explored.  In  the  first  one,  rapid  thermal 
annealing  eliminates  the  intcrfacial  layer  at  the  polysihcoii- 
Silicon  interf.ice  and  promotes  complete  epitaxial  align¬ 
ment  of  the  polysihcon.  The  base  current  exhibits  little 
d<-[)cncience  on  process  conditions  and  the  emitter  resjs- 
t.'irice  should  be  very  low,  The  second  approach  consists 
uf  improving  the  integrity  of  the  intcrfacial  layer  by  grow¬ 
ing  an  extremely  thm  thennal  nitndc  layer.  This  film  is 
i;r>t  degraded  by  anneal  temperatures  as  iiigh  as  1000®C. 
.iiici  the  emitter  saturation  eurront  densities  are  as  low  as 
CxlO'*^  A/cm*,  almost  an  order  of  magnitude  lower  tlian 
-r  iialive  oxide  interfaces. 
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Umited  reaction  processing:  Growth  of  lll-V  epitaxiai  layers  by  rapid  thermal 
metalorganic  chemical  vapor  deposition 

S.  Reynolds,  D.  W.  Vook,  and  J.  F.  Gibbons 

Stanford  Unii<enity  Electronics  Laboratories.  McCullough  226.  Stanford.  Californio  94306 

( Received  6  October  1986;  accepted  for  publication  28  October  1986) 

We  have  demonstrated  a  new  technique  for  III-V  epitaxial  layer  growth  combining  rapid 
thermal  processing  and  metalorganic  chemical  vapor  deposition  This  technique  yields 
enhanced  layer  thickness  control  and  abrupt  interfaces  while  maintaining  a  high  growth  rate 
(  >  10  A/s).  Multilayer  structures  have  been  grown  with  smooth,  featureless  surfaces  and  good 
electrical  Quality  (A’.,  =  2  X  10"’  cm  =  3000  em’/V  s)  using  trimethylarsenic  and 
tnmethylgallium. 


The  recent  interest  in  GaAs  and  related  Ill-V  materials 
has  been  stimulated  by  the  development  of  epitaxial  growth 
techniques  which  yield  materials  of  both  good  crystal  and 
electrical  quality  along  with  tight  control  over  layer  thick¬ 
ness  and  interface  abruptness.  One  of  these  techniques,  me¬ 
talorganic  chemical  vapor  deposition  (MOCVD),  produces 
abrupt  interfaces  using  elaborate  and  costly  gas  switching 
systems  along  with  reduced  reactor  pressure.  Recently,  a 
new  method  of  layer  control  has  been  demonstrated  by  Gib¬ 
bons  era/.  for  high  quality  thin  layer  growth  of  silicon  layers 
with  abrupt  interfaces. '  ’  This  method,  limited  reaction  pro¬ 
cessing  (LRP).  uses  rapid  precise  changes  in  the  substrate 
temperature  to  switch  layer  growth  on  and  off  rather  than 
relying  on  gas  phase  switching. 

We  report  rapid  thermal  switched  growth  of  GaAs  epi¬ 
taxial  layers.  We  have  extended  this  technique  with  equal 
success  to  Al,  Ga,  .As  (()<.t<0.25)  and  In.Ga,  ,  As 
(0  <y  <  0.03 ).  all  on  GaAs  substrates.  Good  electrical  char- 
actenstics  and  surface  morphology,  featureless  to  w  ithin  the 
resolution  of  our  Nomarski  microscope  (1100  >,  ).  have  been 
consisienlly  obtained  In  contrast  lo  standard  MOC\'D.  this 
technique  maintains  a  high  growth  rate  (  10  A/s)  at  atmo¬ 
spheric  pressure  while  producing  abrupt  interfaces. 

Layers  were  grown  using  trimethylarsenic.  inmethyl- 
gallium.  trimethylaluminum,  and  triethylindium.  all  pur¬ 
chased  from  Alfa  Products  (  Danvers.  MA  ).  Substrates,  un¬ 
doped  and  Si  doped  ( 100)  Czochralski.  were  degreased  and 
given  a  5:L1  H,S04:H-0.:H.0  etch  prior  to  loading  Opti¬ 
mum  layers  were  grown  at  670-720  °C  with  3.5  1/mtn  of 


total  H.  flow  and  a  tnmethy  larsenic  panial  pressure  of  about 
0.5  Torr.  GaAs  layers  have  n-type  background  doping 
(2x10"’  cm“ '<A'.4  «,  1  X  10”  cm"')  and  mobilities  of 
2500-30(X)  em’/V  s  at  room  temperature.  We  believe  the 
high  backgrounds  are  due  to  impuniy  incorporation  from 
the  tnmethylarsenic.  as  has  been  reported  by  others.  Tn- 
methylarsenic  was  selected  on  the  basis  of  safety;  it  is  known 
that  arsine  produces  much  higher  punty  films. 

Our  reactor  design  is  shown  in  Fig.  1 .  Since  layer  switch¬ 
ing  is  now  done  thermally,  it  is  possible  to  use  a  simplified 
gas  control  system.  The  wafer  sits  on  a  thin  (20  mil)  graphite 
susceptor  heated  from  the  underside  by  a  bank  of  high  power 
tungsten  halogen  lamps,  as  in  a  rapid  thermal  annealer. 
Temperature  is  measured  with  a  thermocouple  inserted 
down  a  2-mm-o.d.  sealed  quartz  tube  in  contact  with  the 
susceptor.  For  initial  calibration  an  additional  thermocou¬ 
ple  IS  welded  to  the  sample'*  and  the  relationship  between  the 
wafer  temperature  and  the  inserted  thermocouple  is  estab¬ 
lished.  The  graphite  susceptor  is  used  for  temperature  mea¬ 
surement  only;  we  believe  that  supporting  the  sample  on 
quartz  pins  alone  and  measuring  temperature  with  an  opti¬ 
cal  pyrometer  would  improve  this  technioue  by  reducing 
thermal  nse  and  fall  times. 

In  rapid  thermal  MOCVD  gas  flows  are  initiated  and 
stabilized  while  the  wafer  is  cool.  The  growth  of  epitaxial 
layers  is  initiated  by  pulsing  the  lamps  and  bringing  the  wa¬ 
fer  rapidly  to  grow  th  temperature.  At  the  end  of  each  layer 
the  lamps  are  shut  off,  the  wafer  cools  rapidly  toward  room 
temperature,  and  the  reaction  is  halted.  The  cooling  rate  is 
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FKi  1  Schematic  drawing  of  ihe  quanz  reac¬ 
tion  chamber  used  in  our  cupenmenis  The 
wafer  sits  on  a  low  thermal  mass  graphite  sus¬ 
ceptor  and  temperature  ts  monitored  by  a 
thermcKoupie  sheathed  in  a  2-mm-o  d  quartz 
lube 
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L'nhjnced  by  cooling  ihe  \^alN  o!  the  quarts  reaction 
chamber  with  a  high  flow  of  compressed  air,  switched  on  at 
the  termination  of  laser  growth  Hea'  ^.onducls  rapidly  away 
from  the  wafer  through  the  hydrogen  earner  gas  Rise  and 
fall  times  are  on  the  order  of  10  s.  .Any  desired  structure  may 
be  grown  by  a  sequence  of  these  steps,  as  shown  in  Fig  2  for  a 
Ga.As/AI,Ga  ..As  multilaser  structure  Note  that  the 
GaAs  IS  grown  at  o"0  "C  and  the  .AiCia.As  at  '20 'C.  We 
t’ound  these  temperatures  case  the  besi  mobility  and  surfa..e 
morphology  for  single  layers  of  each  material 

( )ne  of  our  early  cs'iicerns  ss  as  t  hat  poor  material  ssould 
be  grown  during  the  cool  dossn  period,  creating  defects  in 
the  growth  of  subsequent  layers  Test  structures  consisting 
of  multiple  layers  of  GaAs  tir  alternating  layers  of  Ga.As 
■AIGaAs  (3-11  layers.  5(K)-2500  .A  layer  thickness)  base 
been  grown  by  a  sequence  of  rapid  thermal  cycles  These 
structures  base  excellent  surface  morphology  and  electrical 
characteristics,  equivalent  to  single  layers  grown  by  conven¬ 
tional  MOeVD  in  our  reactor  Such  lest  structures  have 
been  analyzed  by  Rutherford  backscaltering  and  ion  chan¬ 
neling,  showing  no  evidence  of  crystal  defects  at  the  inter¬ 
laces  Minimum  yields  are  about  4  0G-.  the  same  as  bare 
GaAs  wafers  Rutherford  backscaltering  delects  only  gri’ss 
crystal  defects:  more  sensitive  tests  of  interface  quality  are  m 
progress,  including  device  fabrication  and  high  resolution 
transmission  electron  microscopy  . 

An  Auger  depth  profile  of  a  GaAs/Al., , ,  Ga,, ,,  As  mul¬ 
tilayer  structure  grown  by  this  technique  is  shown  in  Fig  3 
Layers  are  abrupt  to  w  ithin  the  resolution  of  Auger  (  5()-b0 
A).  The  total  thickness  of  this  structure  is  about  6(XX)  A 
Because  gases  are  completely  purged  between  layers,  we  be¬ 
lieve  this  technique  is  capable  of  atomically  abrupt  inter¬ 
faces. 

In  conclusion,  we  have  demonstrated  rapid  thermal 
MoeVD  by  growing  multiple  l.iyers  of  high  quality  III-T 


compound  semiconductors  These  layers  exhibit  electrical 
characteristics  and  surface  morphology  equivalent  to  lay  ers 
produced  by  traditional  MOC\  D  in  our  reactor.  The  rapid 
thermal  MOCVD  technique  promises  abrupt  interfaces  and 
thin  layers  combined  with  high  growth  rales. 

We  would  like  to  acknowledge  the  technical  assistance 
of  K.  E  Williams  and  helpful  discussions  with  D  Floung  of 
Hewlett-Packard  Laboratories.  C  P.  KuoofHewleit-Pack- 
ard  Optoelectronics  Division,  and  H,  Beneking  of  .Aachen 
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Growth  of  GaAs  by  metalorganic  chemical  vapor  deposition  using  thermally 
decomposed  trimethylarsenic 

D.  W.  Vook,  S.  Reynolds,  andJ,  F,  Gibbons 

Sun/ord  I  nivcrsuy  Ulcctrcinici  Ljhoratoru'S-  M^CuUoUi^h  22(i.  Sun/ord.  Cjldornia 
iReceived  12  January  1*^8";  acccpied  tor  publication  IJ  March  l^'S?) 

W'c  ha\e  developed  a  novel  thermal  precrackinp  technique  which  has  improved  the  electrical 
quality  of  Ga.A,s  grown  using  trimethylarsenic.  while  maintaining  excellent  surface 
morphology.  Background  doping  is  reduced  by  a  factor  of  5.  and  carbon  incorporation  is 
reduced  by  a  factor  of  10  or  more  This  method  may  prove  useful  for  reducing  carbon 
incorporation  from  other  organometallic  arsenic  sources  as  well.  Net  background  doping 
below  lO'"  cm  ‘  '  and  room-temperature  electron  mobilities  of  4000-4500  cm  /  V' s  have  been 
obtained  These  are  the  best  values  reported  for  Ga.As  grown  using  trimethylarsenic. 


One  of  the  principal  disadvantages  of  using  meialor- 
_.inic  chemical  vapor  deposition  (MOC\D)  to  deposit 
Ga.A-.  IS  the  need  to  handle  toxic  arsine  gas  Liquid  organo- 
metallic  sources  for  arsenic,  less  toxic  than  arsine,  have  been 
.ivaiiable  for  several  vears  L'nfortunatelv ,  Ga.As  grown  with 
•.iieve  ^ources  has  had  relalivelv  high  background  doping 
'A  c  present  a  method  using  thermal  precracking  to  improve 
lie  eicctricai  quaiii.v  I'f  Ga.As  gri'wii  vMiii  iiitnethv  ;.irsenic 
■  IM.As).  kk'e  believe  this  technique  will  be  applicable  to 
.'iher  organometallic  arsenic  sources  as  vvell 

This  study  was  undertaken  because  ol  our  reluctance  i(' 
use  arsine  gas  in  the  laboratorv .  TM.As  was  selected  as  a 
readily  available  alternative,  but  vve  were  unable  to  grow 
'Utficientlv  pure  Ga.As  for  our  purpi'ses.  Secondarv  u>n  mass 
'pectrometrv  (  SIMS  ;  of  Ga.As  grown  using  TM.As  revealed 
a  chemical  concentration  of  c.irbon  exceeding  H)  ‘  cm 
with  110  01  her p-tv pe dop.ints  present  t Si  and  S contents  were 
.liso  high).  I’resuming  that  some  of  the  carbon  came  trom 
inethv I  groups  I'n  the  I  M.As.  we  sviught  to  rediKe  it  b\  pre- 
cracking  the  TM.As 

.A  schematic  drawing  ol' our  apparatus  with  tiie  pre- 
^rackinc  chamber  is  shown  in  Fag  1  The  reactor  i'  healed 
using  unfocused  tungsten  hali'gen  lamps.  s(i  that  the  entire 
..tiamber  is  flooded  with  intense  infrared  and  visible  light 
This  minimises  condensalu'n  of  elemental  arsenic  on  the 
coi'l  quartz  walls  TM.As  and  irimethv  Igallium  I  LMCia  i  are 
iniectcd  into  the  chamber  through  separate  ports,  rvre venting 
upstream  Ga.As  deposition  TM.As  with  livdrogen  earner 
gas  llows  in  a  convoluted  path  through  a  set  ol  graphite  bal- 
ties  before  mixing  with  TMGa  in  a  cool  section  ol  the  reac¬ 
tor.  The  temperature  of  the  precracking  chamber  is  SdO- 
o(K)  'C.  The  sample  sits  on  a  graphite  susceptor  and  the  tem¬ 
perature  IS  controlled  within  —  2  °C. 

Undoped  (  100)  Ga.As  wafers  vvere  degreased  and 
etched  in  5:1:1  H -SO,:H -O  :H .O  prior  to  loading.  All  sam¬ 
ples  were  annealed  for  5  min  at  700  °C  in  flowing  TM.As 
immediately  prior  to  growth.  Epitaxial  layers  were  grown  at 
atmospheric  pressure  with  .1.5  l/min  of  total  H-  flow  in  a  40- 
mm-diam  reaction  tube  Temperatures  ranged  from  600  to 
700  ”C.  with  a  growth  rate  of  2.5  /rm/h.  Layer  thicknesses 
ranged  from  0.6  to  3  0 qm. 

The  samples  were  smooth,  specular,  and  featureless 
when  viewed  under  our  Nomarski  microscope.  Layers 


grown  at  bOO  °C  using  the  thermal  precracker  showed  pyra¬ 
midal  hillocks,  vvith  increasing  density  for  higher  TM.As 
flows.  There  were  virtually  no  visible  delects  over  the  tem¬ 
perature  ranee  from  625  to  '00  'C  at  \  III  ratios  ol  o  or  less 
Higher  VGII  ratios  vvere  not  tried  and  would  probably  not 
be  asivani jceous  because  of  the  increased  deposition  I'l  ar¬ 
senic  on  the  reactor  walls. 

T w o  d liferent  iois  lU  i  M .-xs  w ere  used  in  i his  si udv .  not n 
purchased  from  .Alfa  Products  i  Danvers.  M.A  ).  The  manu¬ 
facturer's  analy  sis  of  lot  .Al’-l  indicated  ppm  Si.  along  with 
S.  Se.  and  Ge  present.  Lot  .AP-2  was  much  cleaner,  with 
impurities  below  detectability.  Layers  grown  without  the 
precracker  using  lot  .AP-1  had  n-type  background  doping  of 
5  •  10  '  -2  ■  10  cm  '  and  mobilities  up  to  3(XXJ  enr  /  A  s. 
as  shown  in  Fic  2.  Loi  .-XP-I  produced  layers  with  .’’■type 
backgrounds  of  .!•  10''-5  •  10 '■  cm  '  Using  the  thermal 
precracker,  v'ptimum  layers  vvere  grown  .it  lower  tempera¬ 
tures  with  a  lower  Ill  ratio,  as  shv'vvn  in  Fig.  2.  We  ob¬ 
served  a  significant  increase  in  electron  mobility  and  a  de¬ 
crease  III  background  di'ping.  Both  l.hs  oi  TM.-\s  now  pro¬ 
duced  'i-lype  material  NAilh  an  optimum  \  111  ratm 
between  15  and  and  a  growth  lemper.tture  ol'b50  C.  elec¬ 
tron  mobilities  were  4(nit.)-450()  enr  k  s  and  backgr^vunJ 
doping  vv as  about  lO”  cm  i  using  l.'t  .-\r-2  ) , 

Background  doping  with  the  thermal  precracker  was 
found  to  be  very  nearly  proportional  to  the  TM.As  flow  i  see 
Fig.  3).  This  suggests  that  the  i.’-type  background  is  due  to 
impurities  originating  in  the  TM.-\s  source.  The  background 
doping  had  a  weak  temperature  dependence,  increasing 


I  IG  I  Setu-maiic  drawing  of  ihc  rcacior,  including  ihc  Iherinal  precrack- 
inp  chaniHet  1  M  \s  and  TMG.i.  t-ach  in  !i  ..nri-.-r  ga-.,  are  injeeied 
ihrt'uch  vcparaie  ptuiv  and  miv  in  a  yool  area  I'l  the  rc.Kti'r 
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sliehiU  with  hiL'liLT  growih  icmporaiurcs  .X  Jrs'p  in  ihc  not 
haolscroiinsl  doping  ( t’roni  .\'  —  ?  •  H)'"  cm  lo 
.X  ,  ~  I  ■  U)'  cm  ‘  using  AP-2)  ciimhincd  ssilh  increased 
mobiliis  uiicn  the  thermal  precracker  is  used  indicates  a 
resliiction  m  eiectricails  aclise  carhon  L  tildrtunateK .  mea¬ 
sured  77  K  mobilities  of  about  '(XH)  enr  /  s  show  that  llic 
material  is  still  compensated 

SIMS  results  on  samples  grown  with  the  precracker 
show  carbon  incorporation  reduced  below  the  SIMS  back¬ 
ground  le'cl  (X  .  10"'  cm  !  Si  IS  present  at  about  HI  " 
cm  '  and  S  at  about  5  •  10''  cm 

\\  e  suspect  that  the  con  \  id  u  ted  design  of  the  precracker 
and  the  high  temperatuies  einpiosed  full)  decompose  the 
TNf  As.  yielding  AS4  at  the  exit  of  the  prccracking  chamber. 
Unlighted  areas  of  the  reactor  dow  nstream  of  the  precrack- 
ing  chamber  receive  heavy  arsenic  deposition  One  would 
then  expect  our  results  to  be  similar  to  those  of  Bhat.^  who 
used  a  solid  As  source  to  grow  GaAs  by  MOCVD.  However, 
Bhat  observed  rough  surface  morphology  for  all  grow  th  con¬ 
ditions,  a  problem  we  have  not  encountered.  It  appears  that 


F  IG  /  Nci  residual  dv^pm;  .jv  j  lunctitin  oi  TM  -Xs  parisal  rressuf  ;,  , ,  r  •  a 
diflcrciu  lot's  1'!  I  M .As  III  h.’i h  s  .i'*cs.  t'ji. K^found  dopirii:  iiii. rcj-t.  •>  ::  v.-.’ 
xsiih  the  I  Xl.As  rlow 


the  use  (d  .As^  as  an  active  species  does  not  alone  contribute 
to  poor  surface  morphi'logy.  In  Bhat's  reactor  it  was  neces¬ 
sary  to  heat  the  upstream  walls  of  the  chamber  to  prever,; 
Asj  condensatio'.'i  The  hoi  chamber  walls  may  have  causes 
prenucle.iiion  .'l'  ( l.i.A' 

In  coiiciusion.  we  h.ive  used  thermal  precrackinc  to  m.- 
prine  tlie  eleciric.ii  ,ju.ii;:y  of  Gj.As  pr.iwii  using  I  \IA- 
Because  b.ickground  doping  is  still  proportional  to  7  \l.-\s 
liow,  this  I'uskgn'und  imghl  he  improved  bv  further  purdi- 
cation  s't  the  I  M.As,  but  vvnly  to  a  point.  Mobilitv  measure¬ 
ments  at  K  indic.ite  .1  high  degree  id' compensation,  im¬ 
plying  that  carbon  incorporation  is  still  too  high  It  appears 
that  lack  id  active  H  in  the  .As  spt;cies  used  fim  crowth  in¬ 
creases  C  incorporation,  m  agreement  with  the  model  of 
Kuech  and  XeuliotT.'  The  thermal  precrackmg  techmuue 
may  prove  generally  usetui  for  other  orgaiiomeiaiiic  arsenic 
sources,  such  as  dielhv  l.irsmc,  if  it  allowed  C  cliaiiis  to  bc 
selectivcly  removed  Irom  the  precursor  molecule 
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LIMITED  REACTION  PROCESSING;  GROWTH  OF  III-V  EPITAXIAL  LAYERS 
BY  R.APID  THERMAL  METALORGANIC  CHEMICAL  \'APOR  DEPOSITION 


S.  Reynolds,  D.W,  \*ooW.  J.F.  Gibbons 

Stanford  L  ni%’ersity  Electronics  Laboratories.  McCullough  226,  Stanford.  C.A  94305 
ABSTRACT 

Rapid  thermal  processing  (RTP)  has  been  applied  to  improve  the  versatility  of  met- 
alorganic  chemical  \’apor  deposition  (MOCVD).  We  have  demonstrated  a  new  pulsed 
growth  method  which  yields  enhanced  layer  thickness  control  and  abrupt  interfaces  (2- 
4  atomic  layers)  while  maintaining  a  high  growth  rate  (lOA/sec).  In  this  technique, 
substrate  temperature  is  used  as  a  switch  to  control  the  growth  of  epitaxial  layers. 

The  unfocused  tungsten  halogen  lamps  used  in  RTP  have  also  facilitated  a  novel  ther¬ 
mal  precracking  technique,  producing  the  best  GaAs  ever  grown  using  trimethylarsenic 
(TMAs).  Background  doping  is  reduced  by  a  factor  of  5,  and  carbon  incorporation  is 
reduced  by  a  factor  of  10  or  more.  Net  background  doping  below  10’®cm~^  and  room 
temperature  electron  mobilities  of  4000  to  4500  cm*/V  •  sec  have  been  obtained. 

INTRODUCTION 

Limited  Reaction  Processing  ^^LRP),  developed  by  J.F. Gibbons  et.  al.  [1-3],  uses 
rapid  precise  chaiiges  in  substrate  temperature  as  a  switch  to  control  layer  growth,  rather 
than  utilizing  gas  phase  switching.  It  was  first  applied  to  produce  thin  abrupt  silicon 
epitaxial  layers  and  has  been  extended  to  include  Si/SiGe  heterostructures.  Using  this 
technique  we  have  produced  GaAs  epitaxial  layers  with  interface  abruptness  comparable 
to  MBE.  and  have  studied  the  quality  of  these  thermally  interrupted  growth  interfaces. 

During  our  work  on  the  pulsed  growth  of  GaAs.  we  discovered  RTP  technology,’  has 
two  advantages  for  III-\’  epitaxy;  not  only  does  the  fast  temperature  response  give  an  ad¬ 
ditional  element  of  control  over  the  process,  but  the  unfocused  lamps  enable  cleaner  cold 
wall  operation.  These  applications  are  discussed  individually  in  the  next  two  sections. 
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Figure  1:  Schematic  drawing  of  the  quartz  reaction  chamber  used  in  our  experiments. 
The  wafer  sits  on  a  low  thermal  mass  graphite  susceptor  and  temperature  is  monitored 
by  a  thermocouple  sheathed  in  a  2  mm  outer  diameter  quartz  tube. 


PULSED  GROWTH  OF  GaAs 

Our  reactor  design  is  shown  in  figure  1.  The  wafer  sits  on  a  thin  (20  mil)  graphite 
susceptor  heated  from  the  underside  by  a  bank  of  high  power  tungsten  halogen  lamps, 
as  in  a  rapid  thermal  annealer.  Temperature  is  measured  with  a  thermocouple  inserted 
down  a  2  mm  outer  diameter  sealed  quartz  tube  in  contact  with  the  susceptor.  For 
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Figure  2:  LRP  process  timing  diagram  showing  how  layers  are  grown  by  pulsing  the 
wafer  temperature  in  the  presence  of  the  correct  reactive  gases. 


initial  calibration  an  additional  thermocouple  is  welded  to  the  sample  and  the  relation¬ 
ship  between  the  wafer  temperature  and  the  inserted  thermocouple  is  established.  The 
graphite  susceptor  is  used  to  measure  temperature  and  to  reduce  slip. 

Layers  were  grown  using  trimethylarsenic,  trimethylgallium,  trimethylaluminum.  and 
trimet'hylindium.  all  purchased  from  Alfa  Products  (Danvers.  Mass.).  GaAs  substrates, 
undoped  and  Si  doped  (100)  Czochralski.  were  degreased  and  given  a  5.T;1  H;SO.)  ; 
H2O2  :  H2O  etch  prior  to  loading.  Optimum  layers  were  grown  at  670  to  720“C  with 
3.0  liter/min  of  total  H2  flow,  a  trimethylarsenic  partial  pressure  of  about  O.o  torr.  and  a 
growth  rate  uf  2  —  3  /tm/hr.  AlxGai_,As  (0  <  x  <  1 )  layers  were  smooth  and  featureless 
to  within  the  resolution  of  our  Normarski  microscope  (llOOX).  InyGai_yAs  (0  <  y  < 
.22)  layers  showed  a  crosshatch  pattern  characteristic  of  lattice  mismatched  epitaxial 
systems.  GaAs  layers  typically  had  n-type  backround  doping  of  2  x  10'®  cm“^  <  Xj  < 
1  X  10'*  cm“^  and  mobilities  of  2500  to  3000  cm^/V  •  sec  at  room  temperature,  although 
the  backgrotmd  doping  varied  with  TM.4s  source.  We  believe  the  high  backrounds  are 
due  to  impurity  incorporation  from  the  trimethylarsenic.  as  has  been  reported  by  others 
[4,7].  Trimethylarsenic  was  selected  on  the  basis  of  safety;  arsine  is  known  to  produce 
much  higher  purity  films. 

In  rapid  thermal  MOCVD  gas  flows  are  initiated  and  stabilized  while  the  wafer  is 
cool.  The  growth  of  epitaxial  layers  is  initiated  by  pulsing  the  lamps  and  bringing  the 
wafer  rapidly  to  growth  temperature.  At  the  end  of  each  layer  the  lamps  are  shut  off.  the 
wafer  cools  rapidly  toward  room  temperature,  and  the  reaction  is  halted.  The  cooling 
rate  is  enhanced  by  cooling  the  walls  of  the  quartz  reaction  chamber  with  a  high  flow  of 
compressed  air,  switched  on  at  the  termination  of  layer  growth.  Heat  conducts  rapidly 
away  from  the  wafer  through  the  hydrogen  carrier  gas.  Rise  and  fall  times  are  on  the 
order  of  ten  seconds.  Any  desired  structure  may  be  grown  by  a  sequence  of  these  steps, 
as  shown  in  figure  2  for  a  GaAs/AlxGai_x.\s  multilayer  structure.  Note  that  the  Ga.\s 
is  grown  at  670°C  and  the  AlGaAs  at  720”C.  We  found  these  temperatures  gave  the 
best  mobility  and  surface  morphology  for  single  layers  of  each  material. 

One  of  our  early  concerns  was  that  poor  material  would  be  grown  during  the  cool 
down  period,  creating  defects  in  the  growth  of  subsequent  layers.  Test  structures  comist¬ 
ing  of  multiple  lavers  of  LiaAs  or  aiieia.iting  layers  of  Ga.A.«/ AI.Ga!_,.4s  (3  to  11  layers. 
500  A  to  2500  .4  laver  thickness)  have  been  grown  by  a  sequence  of  rapid  thermal  cycles. 
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Figure  3:  High  resolution  TEM 
image  of  an  AlAs-GaAs  superlat¬ 
tice.  The  light  layers  are  AlAs,  es¬ 
timated  to  be  ISOA  thick. 


Figure  4:  Carrier  concentration  versus  depth  for 
a  multiple  layer  GaAs  structure,  extracted  from 
C-V  measurements.  Tliis  structure  has  a  total  of 
6  layers,  although  only  2  of  them  appear  in  thi*; 
plot. 


These  structures  have  excellent  surface  morphology,  and  the  sheet  carrier  concentrations 
and  Hall  mobilities  are  equivalent  to  single  layers  grown  by  conventional  MOC\'D  in 
our  reactor.  Such  test  structures  have  been  analyzed  by  Rutherford  backscattering  and 
ion  channeling,  showing  minimum  yields  of  about  4.0%,  the  same  as  bare  Ca.As  wafers. 
Within  the  resolution  of  RES.  there  are  no  crystal  defects  at  the  interfaces. 

Figure  3  shows  a  lattice  image  TEM  photograph  of  a  Ga.4s-AlAs  superlattice.  The 
transition  between  the  layers  occurs  within  2  to  4  atomic  planes,  making  the  abruptness 
of  this  structure  equivalent  to  MBE  grown  material.  Because  gases  are  completely  purged 
between  successive  layers,  we  believe  that  this  technique  is  capable  of  atomically  abrupt 
interfaces.  There  are  defects  present  at  one  interface  which  we  speculate  to  be  oxide 
inclusions  in  the  AlAs  (pure  .^lAs  is  very  oxygen  reactive).  The  interface  at  which  Ah\s 
is  grown  on  GaAs  does  not  display  such  defects.  These  defects  are  probably  not  inherent 
to  the  pulsed  growth  process. 

We  have  also  made  capacitance  voltage  (C-V)  measurements  on  multiple  layer  struc¬ 
tures  of  GaAs,  by  reverse  biasing  a  Schottky  diode  fabricated  on  the  surface.  These 
layers  were  grown  by  flowing  TM.\s,  TMGa,  and  SiH^  continuously,  but  pulsing  the 
lamps  through  6  cycles  to  grow  6  individual  layers.  Figure  4  is  a  plot  of  carrier  concen¬ 
tration  versus  depth  extracted  from  these  measurements,  revealing  large  peaks  in  carrier 
concentration  at  regulau’  depths  from  the  surface.  The  peaks  correspond  to  a  sheet  car¬ 
rier  density  of  about  2.7  x  10"cm~^.  However,  it  is  not  clear  whether  these  peaks  are 
a  true  profile  caused  by  a  sheet  of  shallow  donors  (Si  pile  up  at  each  interface)  or  a 
measurement  artifact  caused  by  the  release  of  electrons  from  deep  interface  states.  Sim¬ 
ilar  C-V  profiles  have  been  observed  for  growth  interrupted  interfaces  in  MBE  [5,6].  We 
will  perform  depth  profiling  by  Secondary  Ion  Mass  Spectrometry  (SIMS)  to  see  if  there 
are  interface  impurity  peaks  corresponding  to  the  C-V  peaks.  This  should  distinguish 
impurity  pile  up  from  deep  interface  states. 

These  preliminary  C-V  results  indicate  that  our  pulsed  growth  technique  for  GaAs 
generates  electrically  active  interface  states  or  dopant  pile  up,  which  may  be  dependent 
on  the  growth  conditions.  We  are  planning  experiments  to  explore  the  effect  of  ther¬ 
mal  ramp  times  on  interface  quality.  Since  other  paused  growth  techniques  in  MBE 
and  MOeVD  have  been  observed  to  generate  interface  states,  this  may  bv  a  genera! 
characteristic  of  the  GaAs  system. 


GS 


Figure  5:  Schematic  drawing  of  the  modified  reactor,  including  the  thermal  precrackir.i 
chamber.  TMAs  and  TMGa,  each  in  H2  carrier  gas,  are  injected  through  separate  ports 
and  mix  in  a  cool  area  of  the  reactor. 


THERMAL  DECOMPOSITION  OF  TRIMETHYLARSENIC 


With  minor  modification  to  our  lamp  heated  reactor,  we  have  developed  a  no\ei 
thermal  precracking  technique  which  has  improved  the  electrical  quality  of  Ga.4s  grown 
with  TM.A.S.  Excellent  surface  morphology  is  maintained,  while  background  doping  is 
reduced  by  a  factor  of  5.  and  carbon  incorporation  is  reduced  by  a  factor  of  10  or  more. 
Net  background  doping  below  lO'^cm"^  and  room  temperature  electron  mobilities  of 
4000  to  4500  cm^/v-sec  have  been  obtained.  These  are  the  best  values  reported  for 
GaAs  using  trimethylarsenic. 

This  study  was  undertaken  because  of  our  reluctance  to  use  arsine  gas  in  the  lab¬ 
oratory.  TMAs  was  selected  as  a  readily  a\a.ilable  alternative,  but  we  were  unable  to 
grow  sufficiently  pure  GaAs  for  our  purposes.  Other  researchers  using  TMAs  have  also 
observed  this  relatively  high  background  doping  [4.7].  Secondary  Ion  Mass  Spectrom- 
etn,’  (SIMS)  of  GaAs  grown  using  TMAs  revealed  a  chemical  concentration  of  carbon 
exceeding  10*®cm~^,  with  no  other  p-type  dopants  present  (Si  and  S  content  were  also 
high).  Presuming  that  some  of  the  carbon  came  from  methyl  groups  on  the  TM.4s.  we 
sought  to  reduce  it  by  precracking  the  TMAs. 

A  schematic  drawing  of  our  modified  apparatus  with  the  precracking  chamber  is 
shown  in  figure  5.  The  reactor  is  heated  using  unfocused  tungsten  halogen  lamps,  so 
that  the  entire  chamber  is  flooded  with  intense  infrared  and  visible  light.  This  minimizes 
condensation  of  elemental  arsenic  on  the  cool  quartz  walls.  TM.4s  and  trimethylgallium 
(TMGa)  are  injected  into  the  chamber  through  separate  ports,  preventing  upstream 
GaAs  deposition.  TMAs  with  hydrogen  carrier  gas  flows  in  a  convoluted  path  through 
a  set  of  graphite  baffles  before  mixing  with  TMGa  in  a  cool  section  of  the  reactor.  The 
temperature  of  the  precracking  chamber  is  800  to  900"C.  The  sample  sits  on  a  graphite 
susceptor  and  the  temperature  is  controlled  within  ±2°C. 

GaAs  wafers  (100)  were  cleaned  as  before,  loaded,  and  then  annealed  for  5  minutes  at 
TOO^C  in  flowing  TMAs  immediately  prior  to  growth.  In  these  experiments  the  growth 
of  epitaxial  layers  was  begun  by  introducing  TMGa  flow,  as  in  conventional  MOCVD. 
Growth  temperatures  ranged  from  600  to  700”C.  The  surfaces  were  smooth,  specular, 
and  generally  featureless  when  viewed  under  our  Normarski  microscope.  Layers  grown  at 
COO^C  using  the  thermal  precracker  showed  pyramidal  hillocks,  with  increasing  density 
for  higher  TMAs  flows.  There  were  virtually  no  visible  defects  over  the  temperature 
range  from  625  to  700°C  at  V/III  ratios  of  6  or  less.  Higher  V/III  ratios  were  not  tried 
and  would  probably  not  be  advantageous  because  of  the  incretised  deposition  of  arsenic 
on  the  reactor  walls. 


Two  different  lots  of  TMAs  were  used  in  this  study,  both  purchased  from  Alfa  Prod¬ 
ucts  (Danvers,  Mass.).  The  manufacturer’s  analysis  of  lot  .\P-1  indicated  3  ppm  Si, 
along  with  S,  Se,  and  Ge  present.  Lot  AP-2  was  much  cleaner,  with  impurities  below 
detectability.  Layers  grown  without  the  precrackcr  using  lot  .\P-1  had  n-type  back- 
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Figure  6:  GaAs  electron  mobility  as  a  function  of  (a)  growth  temperature  and  (bi 
IMAs/'i'MGa  ratio.  With  no  precracker,  using  lot  AP-1.  optimum  layers  were  grown 
at  670°C  with  TM.4s/TMGa  ~  6.5.  With  the  precracker,  the  best  layers  were  grown 
at  650°C  with  TMAs/TMGa  between  1.5  and  3.  In  all  cases,  the  growth  rate  was  2.5 
pm/hr. 


ground  doping  of  5  x  10’®cm~^  to  2  x  10*'cm"^  and  mobilities  up  to  3000  cm‘/\'-scc.  as 
shown  in  figure  6.  Lot  AP-2  produced  layers  with  p-type  backgrounds  of  3  x  10'‘'cm“^ 
to  5  X  10'®cm~^.  Using  the  thermal  precracker,  optimum  layers  were  grown  at  lower 
temperatures  with  a  lower  \YIII  ratio,  as  shown  in  figure  6.  We  observed  a  significant 
increase  in  electron  mobility  and  a  decrease  in  background  doping.  Both  lots  of  TM.\s 
now  produced  n-type  material.  With  an  optimum  V/III  ratio  between  1.5  and  3  and 
a  growth  temperature  of  CSO^C,  electron  mobilities  were  4000  to  4500  cm*/V  ■  sec  and 
background  doping  was  about  lO’^'cm”^  (using  lot  AP-2). 

Background  doping  with  the  thermal  precracker  was  found  to  be  verj-  nearly  pro¬ 
portional  to  the  Tltl.^s  flow  (see  figure  7).  This  suggests  that  the  n-type  background  is 
due  to  impurities  originating  in  the  TM.A.S  source.  The  background  doping  had  a  weak 
temperature  dependence,  increasing  slightly  with  higher  growth  temperatures.  A  drop 
in  the  net  background  doping  (from  N*  ss  5  x  10’'^cm“'’  to  Nj  ^  1  x  10‘*^cm~'^  using 
AP-2)  combined  with  increased  mobility  when  the  thermal  prccracker  is  used  indicates  a 
reduction  in  electrically  active  carbon.  Unfort imately,  measured  77K  mobilities  of  about 
7000  cm^/V  •  sec  (on  3  pm  thick  layers)  suggest  that  the  material  is  still  compensated 

[8J. 

SIMS  results  on  samples  grown  with  the  prccracker  show  carbon  incorporation  re¬ 
duced  below  the  SIMS  background  level  (5  x  lO'^cm”^).  Si  is  present  at  about  10’®cm~^ 
and  S  at  about  5  x  10'®cm~^. 

We  suspect  that  the  convoluted  design  of  the  precracker  and  the  high  temperatures 
employed  fully  decompose  the  TM  As,  yielding  As^  at  the  exit  of  the  precracking  chamber. 
Unlighted  areas  of  the  reactor  downstream  of  the  precracking  chamber  receive  heavy 
arsenic  deposition.  One  would  then  expect  our  results  to  be  similar  to  those  of  Bhat 
(9),  who  used  a  solid  As  source  to  grow  GaAs  by  MOCVD.  However,  Bhat  observed 
rough  surface  morphology  for  all  growth  conditions,  a  problem  we  have  not  encountered. 
It  appears  that  the  use  of  As^  as  an  active  species  does  not  alone  contribute  to  poor 
surface  morphology.  In  Bhat’s  reactor  it  was  necessary  to  heat  the  upstream  walls  of 
the  chamber  to  prevent  .^s^  condensation.  The  hot  chamber  walls  may  have  caused 
pre-nucleation  of  GaAs. 
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Figure  7:  Net  residual  doping  as  a  func¬ 
tion  of  TMAs  partial  pressure,  for  two  dif¬ 
ferent  lots  of  TMAs.  In  both  cases,  back- 
round  doping  increases  linearly  with  the 
TMAs  flow. 


SUMMARY  p _ 

We  have  applied  rapid  thermal  processinc;  to  improve  the  versatility  of  conventional 
MOCVD.  Multiple  layers  of  high  quality  III-V  compound  semiconductors  have  lktii 
grown  using  a  thermally  pulsed  growth  technique  (LRP).  These  layers  have  surface 
morphology  and  Hall  mobility  equivalent  to  layers  produced  by  conventional  MOC\'D 
in  our  reactor.  Abrupt  interfaces,  with  transition  widths  of  2  to  4  atomic  layers,  have 
been  obtained  at  atmospheric  pressure  using  high  growth  rates  (3/im/lxr  lOA/soc). 
There  remain  potential  problems  with  interface  state  density  which  we  are  investigating. 

The  unfocused  tungsten  halogen  lamps  have  also  facilitated  a  novel  thermal  pre¬ 
cracking  technique,  producing  the  best  Ga.4.s  ever  grown  using  trimethylarsenic  (TM.4s). 
Background  doping  and  carbon  incorporation  are  substantially  reduced,  and  room  tem¬ 
perature  electron  mobilities  up  to  4500  cmVV  •  sec  are  obtained.  This  material  is  still 
not  equi\'alent  to  that  grown  using  AsHs.  but  the  technique  is  promising  for  use  at  low 
pressure  or  with  other  organometallic  arsenic  sources. 
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ABSTRACT 

Limited  Reaction  Processing  (LRP)  is  a  new  technique  which  combines 
Rapid  Thermal  Processing  (RTP)  and  Chemical  Vapor  Deposition  (CVD). 
The  added  temperature  control  provided  in  rapid  thermal  processii;g  enables 
the  use  of  substrate  temperature  as  a  reaction  switch.  In  addition, 
rapid  thermal  technology  has  been  shown  to  provide  other  advantages 
for  chemical  vapor  deposition  of  Si  and  III-V  materials.  Results  are 
presented  for  group  IV  materials  including  epitaxial  Si,  SiGe  allovs, 
SiO-),  and  polysilicon.  MOSFETs  have  been  demonstrated  and  sensitive 
tests  of  interface  quality  are  presented,  paving  the  way  for  future 
bipolar  LidUbistor  fabrication  TTI-V  materials  such  as  GaAs ,  AlGaAs, 
InGa.As  have  been  grown.  GaAs  electron  mobilities  are  the  best  reported 
for  material  grown  using  trimethylarsenic .  As-ambient  rapid  thermal 
anneals  of  GaAs  have  also  been  performed. 


INTRODUCTION 

For  a  variety  of  device  applications,  it  is  becoming  desirable 
to  grow  thinner,  more  abrupt  layers  of  semiconductors  and  insulators. 
Future  devices  will  require  cleaner  interfaces  and  fewer  particles. 
We  especially  want  the  epitaxial  layers  to  be  of  good  quality,  with 
the  highest  possible  carrier  lifetime  and  mobility.  LRP  is  an  improvement 
over  conventional  CVD  because  it  provides  an  additional  element  of  control 
over  the  process.  Rapid  changes  in  substrate  temperature  can  be  made 
if  needed.  Temperature  is  actually  used  as  the  reaction  switch  in  all 
the  silicon  work  and  much  of  the  Ill-V  work.  Thermal  exposure  of  the 
substrate  can  be  reduced,  and  multiple  layers  of  different  materials 
can  be  grown  in  Che  same  chamber. 


Group  IV  Materials 

Over  the  past  two  years,  limited  reaction  processing  has  been  used 
to  grow  group  IV  structures  with  three  primary  advantages: 

1.  minimum  thermal  exposure  of  the  substrate  (abrupt  interfaces) 

2.  ultrathin  layer  capability  (100  A) 

3.  if'-situ  multilayer  processing  for  high  purity  interfaces 

Many  test  and  device  structures  have  been  grown  which  demonstrate  these 
capabilities  and  verify  intralayer  and  silicon/oxide  interface  quality 
ll-lO].  Recently  we  have  investigated  the  structure  and  purity  of  semi¬ 
conductor/semiconductor  interfaces.  LRP  inherently  presents  two  potential 
problems  for  the  growth  of  any  multilayer  structure: 

°  non-optimum  deposition  during  the  thermal  transients 

°  contamination  at  the  interrupted  growth  interface 
For  example,  during  the  deposition  of  an  LRP  epitaxial  Gi  lavcr, 
amorphous  or  polycrystalline  material  may  deposit  on  Che  substrate  durinz 
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the  initial  thermal  transient,  potentiallv  nucleatinz  detects.  Oepositirn 
during  the  cooling  transient  mav  disrupt  the  crvstalline  template  ftr 
the  growth  of  a  subsequent  epitaxial  laver.  In  addition,  an  inhere-'t 
part  of  anv  LRP  multilaver  structure  is  an  interrupted  growth  interrace. 

The  wafer  is  cooled  after  the  first  laver  growth,  sases  are  purged 

of  the  chamber,  and  then  the  gases  for  the  next  laver  are  introduceo. 

During  this  gas  switching  stage,  the  cool,  bare  silicon  surface  mav 
getter  impurities  from  the  gas  stream  which  could  nucleate  defects  in 
the  next  laver.  We  thus  investigated  the  purity  and  structure  of  the 

interrupted  growth  interface. 


Struct  ure 


The  structure  of  LRP  semiconductor  interfaces  can  be  viewed  direct  Iv 
using  high  magnification  cross-section  TEM.  Si/SiGe  supe r  la 1 1  ice s  are 
convenient  to  analyze  because  the  contrast  between  the  layers  provides 
an  interface  marker.  Figure  1  shows  a  TEM  image  of  such  an  interface. 
The  rows  of  dots  show  no  distortion  across  the  interrupted  growth 
interface,  indicating  excellent  atomic  alignment.  However,  since  TT.'! 
analvzes  a  verv  small  portion  of  the  sample,  a  more  sensitive  test  or 
interface  structure  was  conducted.  Multiple  layers  of  Si  epi  were  grown, 
bv  simplv  flowing  a  mixture  of  SiH2Cl2  in  H2  during  five  or  more  LRP 


Si 


Sio,Ge„, 

L100J  t 


Figure  1.  uiaj^jtiri^dLiuu  crc33“3cctiOu  TEM  of  pert  o  t  ^  ^ 

Si  ,'Sio.  gCeo.  1  super  latt  ice .  The  allov  laver  is  commensurate 
the  alignment  of  atomic  planes  across  the  interrupted  growth  inter 
1 s  exce 1  lent .  -o 
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Chennai  pulses.  This  "mult:pulse"  test  sample  was  grown  to  provide 
a  structure  with  properties  coainated  by  the  quality  of  the  interrupted 
growth  interface.  Wright  etching  was  performed  (•+5-90  seconds),  and 
the  sample  was  analyzed  for  etch  pits  using  a  Nomarski  microscope  and 
an  SEM.  Early  samples  typically  contained  100-1000  dislocations  and 
hillocks  per  cm-,  but  rece-.tlv,  by  optimizing  growth  conditions  and 
sample  handling,  we  have  crown  multipulse  structures  which  appear 
featureless  after  defect  etching.  Thus,  using  our  ramp  and  growth  rates 
(  300-400''C/sec ,  0.1-02  um/min,  respectively),  the  two  factors  which 

govern  the  amount  of  deposition  during  LRP  thermal  transients,  we  have 
obtained  epita.xial,  low-defect  interrupted  growth  interfaces. 


Puritv 


The  multipulse  test  samples  were  also  used  to  probe  the  puritv 
of  LRP  interfaces.  No  evidence  of  Ca,  K,  Na,  Al,  or  Cu  was  found  to 
the  sensitivity  of  SIMS  analysis,  about  10^^  atoms/cm^.  Surprisingly, 
as  shown  in  Figure  2,  even  for  an  interrupted  growth  duration  of  5 
minutes,  SIMS  revealed  no  interfacial  carbon  or  oxvgen  contamination 
to  a  sensitivity  of  about  1-5x10*-^  atoms/cm^  for  oxvgen  and  5-9x10^° 
atoms/cm^  for  carbon.  One  would  expect  that  residual  oxvgen  and  water 
in  the  gas  (probably  around  1  ppm)  would  oxidize  the  cool,  free  silicon 
surface  which  exists  during  the  interrupted  growth  portion  of  an  LRP 
cycle  [11  I.  We  offer  three  possible  cAplaiiac ions  for  the  SIMS  data: 
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drastically  reduce  the  amount  of  contaminants  near  the  wafer. 
These  possible  explanations  are  under  further  investigation.  Very  recent 
results  indicate  we  can  obtain  Si-Si  and  Si-SiCe  interfaces  with 
undetectable  carton  and  oxygen  for  growth  temperatures  as  low  as  900'C. 

DLTS  was  also  used  to  analyze  the  multipulse  samples  for  metallic 

contamination  to  a  more  sensitive  level.  Figure  3  shows  essentially 
featureless  DLTS  spectra,  indicating  that  less  than  about  lO^'-  metal 
traps/cm^  (hole  or  electron)  exist  within  the  bulk  or  at  the  interfaces 
of  LRP  Si  epilayers.  These  results  were  corroborated  by  photocurrent 

decay  measurements  which  measure  the  minority  carrier  recombination 
lifetime.  The  multipulse  samples  shown  in  Figure  3  exhibited  lifetimes 
in  the  range  of  30-80  ns,  compared  to  Czochralski  silicon  control 

substrates  which  yielded  about  10  us  using  the  same  app.iratus. 

In  summary,  the  structure  and  purity  of  LRP  Si  or  SiGe  interrupted 
growth  interfaces  appear  to  be  excellent.  Traditionally,  ion  implantation 
and  diffusion  have  been  used,  in  part,  to  bury  sensitive  device  interfaces 
in  bulk  material  where  good  structure  and  purity  is  usually  assured. 

The  LRP  technique  offers  the  possibility  of  growing  multiple  device 
interfaces,  thus  allowing  us  to  use  the  excellent  layer  thickness  and 
doping  control  of  the  technique  to  define  device  geometry  and  add  new 
versatility  for  improving  device  performance. 


LIMITED  REACTION  PROCESSING  FOR  III-V  MATERIALS 

In  this  section  we  report  on  the  thermally  switched  growth  of 
epitaxial  GaAs  and  related  compounds.  We  have  used  the  technique  to 
grow  lavorc  of  -Al^Ga’^.^As  (0'^y<'l)  and  In.^.Ga  -  .^.As  (0<v<.22)  with  eood 

electrical  characteristics  and  surface  morphology.  LRP  maintains  a 
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ure  3.  Deep  level  transient  spectra  of  two  LRP  multipulse  sanples. 
The  spectra  are  essentially  featureless,  indicating  that  the  level 
of  hole  and  electron  trans  is  lees  than  1  n  1 1  /  rm^  . 
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high  growth  race  (2-3  pm/hour^  at  atmospheric  pressure,  while  producir.a 
abrupt  interfaces  in  multilayer  structures.  Interface  widths  of  2-^ 
atomic  lavers  have  been  measured  using  lattice  image  TE.M.  We  have  also 
used  our  reactor  to  perform  .As-ambienC  rapid  thermal  annealing,  witn 
encouraging  preliminary  results. 


Considerations  in  III-V  Epitaxy 

The  growth  of  GaAs  has  important  practical  differences  from  Si 

growth- -d i f ferences  which  affect  the  LRP  process  as  well  as  our  reactor 

design.  One  difference  is  the  need  to  provide  an  .As  overpressure  whenever 
Che  wafer  temperature  is  above  W50"C,  to  prevent  GaAs  surface 
decomposition.  The  need  for  a  certain  minimum  As  pressure  also  secs 

limits  on  Che  total  growth  pressure.  (All  the  work  reported  here  is 
atmospheric  pressure,  although  we  have  grown  GaAs  as  low  as  10  Torr.) 
In  addition,  Ga.As  is  best  grown  in  the  mass  transport  limited  regime, 
so  that  uniform  laminar  flow  must  be  established  in  the  reactor.  These 
pressure  and  flow  constraints  argue  for  a  substantially  different  reactor 
design  than  is  used  for  Si  work.  Our  design,  shown  in  Figure  4,  it, 

similar  to  a  conventional  MOCVD  reactor  but  has  much  lower  thermal  mass 
for  the  susceptor. 

Despite  operation  in  Che  mass  transport  regime,  temperature  control 
is  important  for  high  quality  epi.  Our  studies  show  that  the  highest 
electron  mobilities  are  obtained  within  a  ±15°C  temperature  window  [12). 
In  addition,  dopant  incorporation  is  a  strong  function  of  growth 
temperature.  Temperature  control  is  made  difficult  because  As^,  and 

GaAs  deposit  on  Che  reactor  walls,  attenuating  or  reflecting  the  lamp 
power.  Closed  loop  temperature  control  with  a  thermocouple  in  the  chamber 
Ibut  not  c.\pu5eu  to  reactive  gascs)  is  ncccssarv.  The  use  oi  a  thin 
graphite  susceptor  gives  reasonably  fast  temperature  sensing  while 

minimising  or  eliminating  slip  in  Che  GaAs  wafer. 

One  final  consideration  is  the  extreme  coxijity  of  arsine  (AsH]', 

normally  used  for  GaAs  growth.  For  safety  reasons,  we  are  reluctant 

to  use  high  concentrations  of  arsine  gas  in  our  laboratory.  We  selected 
trimethvlarsenic  (TMAs/  as  a  substitute  and  are  presently  ' vest igat ing 
other  alternatives  to  arsine.  Films  grown  with  TMAs  are  known  to  be 
much  less  pure  chan  chose  grown  with  arsine  [13,14].  However,  using 


- .  Schematic  drawing  of  the  quartz  reaction  chamber  used  in 
•yreriments.  The  wafer  sits  on  a  low  thermal  mass  graphite 
-  -  and  temperature  is  monitored  by  a  thermocouple  sheathea 
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a  new  precracking  technique  in  our  reactor,  we  have  substant  ia  1 1  v  improved 
the  electrical  quality  of  GaAs  grown  with  TMAs  [12].  Our  electron 
mobilities  with  this  technique  i-iOOO-iSOO  cm“/v.sec)  are  the  best  reportec 
for  T>L\s .  This  work  is  described  in  a  separate  paper  presented  in 
Svmposium  3  of  this  conference. 


Results  III-V  Eoitaxv 


Layers  were  grown  using  trimethy larsenic ,  t rime  thy Iga 1 1 ium , 
trimethylalurainum,  and  trimethylindium,  all  purchased  from  Alfa  Products 
(Danvers,  .Ma).  GaAs  substrates,  undoped  and  Si  doped  (100)  Czochralski, 
were  degreased  and  given  a  5:1:1  H2SO4H2O2 : H2O  etch  prior  to  loading. 
Optimum  layers  were  grown  at  670-720°C  with  3.5  1/min  of  total  H2  flow 
and  a  trimethylarsenic  partial  pressure  of  about  0.5  Torr.  GaAs  layers 
have  n-type  background  doping  (2x10^^  cm'^  ^  Nj  2  Ixio'-^  cm"^)  and 
mobilities  of  2500-3000  cm-/V  s  at  room  temperature. 

As  in  Si  LRP,  gas  flows  are  initiated  and  stabilized  while  the 
wafer  is  cool.  The  growth  of  epitaxial  layers  is  initiated  by  pulsing 
the  lamps  and  bringing  the  wafer  rapidly  to  growth  temperature.  Ac 
Che  end  of  each  layer  the  lamps  are  shut  off,  the  wafer  cools  rapidly 
Coward  room  temperature,  and  the  reaction  is  halted.  The  cooling  race 
is  enhanced  by  cooling  the  walls  of  the  quartz  reaction  chamber  with 
a  high  flow  of  compressed  air,  switched  on  at  the  termination  of  layer 
growth.  Heat  conducts  rapidly  away  from  the  wafer  through  the  hydrogen 
carrier  gas.  Rise  and  fall  times  are  on  the  order  of  10  s.  Any  desired 
structure  may  be  grown  by  a  sequence  of  these  steps,  as  shown  in  Figure 
5  for  a  GaAs /Al^Ga  As  multilayer  structure.  Note  that  the  GaAs  is 
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Figure  5.  LRP  process  timing  diagram  showing  how  layers  are  grown  bv 
pulsing  the  wafer  temperature  in  the  presence  of  Che  correct  reactive 


gases. 
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gave  Che  best  mobility  and  surface  morphology  for  single  layers  of  each 
material.  --^n  Auger  depth  profile  of  a  GaAs /AIq  _  ^  2^30 . 88'^s  multilaver 
structure  grown  by  this  process  sequence  is  shown  in  Figure  6.  Lavers 

are  abrupt  to  within  Che  resolution  of  Auger  (50-60A).  The  total 
thickness  of  the  structure  is  about  600  A. 

One  of  our  early  concerns  was  that  poor  material  would  be  grown 
during  Che  cool  down  period,  creating  defects  in  the  growth  of  subsequent 
layers.  Test  structures  consisting  of  multiple  layers  of  GaAs  or 
alternating  layers  of  GaAs/Al^Gai-xAs  (3  to  11  layers,  500  A  to  2500 

A  layer  thickness)  have  been  grown  by  a  sequence  of  rapid  thermal  cycles. 
These  structures  have  excellent  surface  morphology,  and  the  sheet  carrier 
concentrations  and  Hall  mobilities  are  equivalent  to  single  layers  grown 
by  conventional  MOCVD  in  our  reactor.  Such  test  structures  have  been 
analyzed  by  Rutherford  backscattering  and  ion  channeling,  showing  minimum 
yields  of  about  4.07.,  the  same  as  bare  GaAs  wafers.  Within  Che  resolution 
of  RBS ,  there  are  no  crystal  defects  at  Che  interfaces. 

Figure  7  shows  a  lattice  image  TE.M  photograph  of  a  GaAs-.AlAs 
superlatcice .  The  transition  between  the  layers  occurs  within  2  to 

4  atomic  planes,  making  the  abruptness  of  this  structure  equivalent 
to  MBE  grown  material.  Because  gases  are  completely  purged  between 
successive  layers,  we  believe  that  this  technique  is  capable  of  atomically 

abrupt  interfaces.  There  are  defects  present  at  one  interface  which 

we  speculate  to  be  oxide  inclusions  in  the  AlAs  (pure  AlAs  is  very  oxygen 

reactive).  The  interface  at  which  AlAs  is  grown  on  GaAs  does  not  display 

such  defects.  These  defects  are  probably  not  inherent  to  the  pulsed 
growth  process. 

We  have  also  made  capacitance  voltage  (C-V)  measurements  on  multiple 
layer  structures  of  GaAs,  by  reverse  biasing  a  Schottky  diode  fabricated 
on  Che  surface.  These  layers  were  grown  by  flowing  TMAs ,  TMGa ,  and 
SiHA  continuously,  but  pulsing  the  lamps  through  6  cycles  to  grow  6 
individual  layers.  Figure  8  is  a  plot  of  carrier  concentration  versus 


Figure  6.  Sputtering  Auger  profile  for  sample  135  showing  a  structure 

of  alternating  GaAs/Al  ^2^3  gg  As  layers.  Total  thickness  is  about 
6000  A.  Aluminum  scaled  by  2  (Chas.  Evans  6  Associates,  Redwood 

City,  CA ) .  — q 
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Figure  7.  High  resolution  TEM  image  of  an  AlAs-GaAs  super latt ice . 
The  light  layer  is  AlAs,  180  S  thick. 
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Figure  8.  Carrier  concentration  versus  depth  for  a  multiple  layer  GaAs 
structure,  extracCeu  from  C-V  measurements.  This  structure  has  a 
total  of  6  layers,  although  only  2  of  them  appear  in  this  plot. 


depth  extracted  from  these  measurements,  revealing  large  peaks  in  carrier 
concentration  at  regular  depths  from  the  surface.  The  peaks  correspond 
to  a  sheet  carrier  density  of  about  2.7x10^^  cm*^.  However,  it  is  not 
clear  whether  these  peaks  are  a  true  profile  caused  by  a  sheet  of  shallow 
donors  (Si  pile  up  at  each  interface)  or  a  measurement  artifact  caused 

by  the  release  of  electrons  from  deep  interface  states.  Similar  C-V 
profiles  have  been  observed  for  growth  interrupted  interfaces  in  MBE 
[15,16).  We  will  perform  depth  profile  by  Secondary  Ion  Mass  Spectrometry 
(SIMS)  to  see  if  there  are  interface  impurity  peaks  corresponding  to 
the  C-V  peaks.  This  should  distinguish  impurity  pile  up  from  deep 
interface  states. 

These  preliminary  C-V  results  indicate  that  our  pulsed  growth 

technique  for  GaAs  generates  electrically  active  interface  states  or 
dopant  pile  up,  which  may  be  dependent  on  the  growth  conditions.  We 
are  planning  experiments  to  explore  the  effect  of  thermal  ramp  times 
on  interface  quality.  It  may  also  be  possible  to  reduce  these  states 
by  means  of  a  different  temperature  profile.  For  instance.  As 
condensation  on  the  surface  may  be  occurring  when  the  wafer  is  cooled 

rapidly  in  an  As  ambient.  Cooling  to  an  intermediate  temperature  or 

including  an  anneal  step  between  successive  layers  may  give  different 
results . 


Future  Work  in  III-V  Epitaxy 

The  ability  to  rapidly  change  substrate  temperature  could  be 

extremely  useful  even  if  not  used  as  an  on/off  reaction  switch.  For 

example,  it  could  allow  GaAs  and  AlGaAs  layers  to  be  grown  at  different 

optimum  temperatures,  as  in  the  modified  process  diagram  of  Figure  9. 

In  this  diagram  growth  of  layers  is  commenced  by  introducing  reactant 
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Figure  9.  Modified  process  timing  diagiam  showing  how  the  various  layers 
in  a  structure  could  be  grown  at  different  opcinum  temperatures, 
using  rapid  lamp  heating. 

gases,  but  the  wafer  temperature  can  follow  the  gas  composition  much 
more  rapidly  than  in  traditional  MOCVD.  It  would  be  entirely  reasonable 
to  raise  the  wafer  temperature  for  as  short  as  10  seconds  to  grow  a 
thin  AIGaAs  layer,  then  return  it  to  a  lower  growth  temperature  for 
other  layers.  Rapid  lamp  heating  is  also  ideal  for  GaAs  on  Si  growth, 
since  it  would  allow  short  high  temperature  pre-cleaning  of  the  silicon 
wafers  or  in-situ  annealing  steps  to  improve  Che  GaAs  on  Si  crystalline 
quality. 


As-ambient  RTA 


We  have  some  preliminary  results  for  the  rapid  thermal  annealing 
of  Si  implanted  GaAs  in  a  TMAs  overpressure.  We  have  begun  a  study 
of  arsenic  overpressure  annealing  in  a  time/temperature  regime  not 

accessible  with  an  arsine  furnace.  We  are  also  making  a  comparison 
of  proximity  capped  (2  GaAs  wafers  face-to-face)  versus  As-ambient  RTA. 

Undoped  GaAs  wafers  were  implanted  with  Si  at  doses  of  10^^  to 

10^5  cm'2  and  energies  of  50-100  keV.  Anneals  were  performed  at 
atmospheric  pressure  in  ~  If/rain  of  flowing  H2  with  2.0  Torr  TMAs. 

Figures  10  and  11  show  the  activation  efficiency  of  a  10^^  cm'-,  50 
keV  implant  for  various  anneal  conditions.  As  expected,  activation 
efficiency  increases  with  anneal  temperature  up  to  about  830“C,  above 
which  it  increases  slowly.  At  830°C,  a  10  second  anneal  is  just  as 

effective  as  a  longer  one. 

Rutherford  backscattering  has  been  used  to  study  the  surface 
degradation  of  As-ambient  samples  compared  with  proximity  capped  samples. 
The  As-annealed  samples  always  show  lower  surface  backscattering  yields. 
The  higher  yields  on  the  proximity  capped  samples  are  thought  to  be 
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Figure  10.  Activation  efficiency  versus  anneal  temperature  for  a  TMAs 
ambient  RTA. 

caused  by  preferential  arsenic  evaporation.  This  study  will  be  reported 
in  more  detail  when  we  have  completed  it. 

SUMMARY 

Limited  reaction  processing  (LR?)  has  been  used  to  grow  high  qualicv 
multiple  layer  films  of  Si  with  clean  interfaces.  MOSFETs  have  been 
fabricated  in  layers  grown  by  selective  silicon  epitaxy,  with  the  gate 
oxide  fabricated  in  the  same  reaction  chamber  immediately  following 
epi  growth.  More  demanding  bipolar  structures  are  in  process.  Epitaxial 
growth  of  Si^Ge^.^  alloys  has  also  been  demonstrated.  We  are  continuing 
studies  on  this  material  and  hoping  to  fabricate  heterostructure  devices. 

LRP  has  also  been  used  to  grow  multiple  layers  of  GaAs  and  related 
III-V  compounds.  These  layers  have  surface  morphology  and  Hall  mobilitv 
equivalent  to  layers  produced  by  conventional  MOCVD  in  our  reactor. 
Abrupt  interfaces,  with  transition  widths  of  2  to  ^  atomic  layers,  have 
been  obtained  at  atmospheric  pressure  using  high  growth  rates  (3  um/hr 
~  10  A/sec).  There  remain  potential  problems  with  interface  state  densitv 
which  we  are  investigating. 

The  unfocused  tungsten  halogen  lamps  have  also  facilitated  a  novel 
thermal  precracking  technique,  producing  the  best  GaAs  ever  grown  using 
trimethylarsenic  (TMAs).  Background  doping  and  carbon  incorporation 
are  substantially  reduced,  and  room  temperature  electron  mobilities 
up  to  A500  cm^/V.sec  are  obtained  [1].  Finally,  we  have  reported 
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Figure  11.  .Activation  efficiency  versus  anneal  tiae,  same  conditions 
as  Figure  7. 

preliminary  results  for  arsenic  ambient  RTA.  Initial  data  indicates 
significantly  reduced  surface  degradation  compared  to  the  proximity 
capping  technique. 
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